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Abstract 

Abstract 

This thesis investigates the implementation of a hybrid renewable energy module at the Port of Avilés, 

designed to supply the energy needs of selected port infrastructures through the integration of solar, 

wind, and hydrokinetic sources. The original system design includes a pump-as-turbine storage solution, 

while additional simulations were conducted using battery storage to broaden the analysis. To evaluate 

performance under varying conditions, an Excel-based energy management and optimization tool was 

developed, allowing for the assessment of four operational scenarios and six configuration setups. Two 

case studies were conducted: the first examined a single hybrid module managing the total demand, 

comparing pump-as-turbine and battery storage to identify the most effective option; the second 

explored the deployment of multiple hybrid modules operating in parallel, each assigned an individual 

demand profile, with a comparison between centralized and distributed storage strategies. Results show 

that, due to the relatively low energy demands and limited generation capacity of the system, the single 

hybrid module with batteries as a storage solution was the most viable configuration, achieving an 

energy coverage of 89.90%. Moreover, the financial analysis demonstrated a positive outcome, with an 

internal rate of return of 10.88%, confirming the module’s feasibility both technically and economically. 

These findings highlight the potential for small-scale hybrid renewable systems supported by battery 

storage to contribute meaningfully to decarbonizing port operations and advancing sustainable 

infrastructure development. 

Keywords 

Hybrid Renewable Energy Systems; Energy Management; Optimization Strategies; Energy Storage; 

Economic Assessment; Ports Efficiency.  
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Resumo           

 

Resumo 

Esta tese investiga a implementação de um módulo híbrido de energias renováveis no Porto de Avilés, 

projetado para suprir as necessidades energéticas de infraestruturas portuárias seleccionadas, por 

meio da integração de fontes solar, eólica e hidrocinética. O projeto original do sistema inclui uma 

solução de armazenamento com bomba funcionando como turbina, enquanto simulações adicionais 

foram realizadas utilizando armazenamento em baterias para ampliar a análise. Para avaliar o 

desempenho sob diferentes condições, foi desenvolvido um modelo de gestão e otimização energética 

em Excel, permitindo a análise de quatro cenários operacionais e seis configurações distintas. Dois 

estudos de caso foram conduzidos: o primeiro analisou um único módulo híbrido gerindo o consumo 

total, comparando as soluções de armazenamento com bomba-turbina e com baterias para identificar 

a opção mais eficaz; o segundo explorou a implantação de múltiplos módulos híbridos operando em 

paralelo, cada um com um perfil de consumo individual, comparando estratégias de armazenamento 

centralizado e distribuído. Os resultados mostram que, devido aos consumos energéticos relativamente 

baixos e à capacidade de geração limitada do sistema, o módulo híbrido único com baterias como 

solução de armazenamento foi a configuração mais viável, atingindo uma cobertura energética de 

89,90%. Além disso, a análise financeira demonstrou um resultado positivo, com uma taxa interna de 

rentabilidade de 10,88%, confirmando a viabilidade técnica e económica do módulo. Esses resultados 

destacam o potencial dos sistemas híbridos de pequena escala, apoiados por armazenamento em 

baterias, para contribuir significativamente para a descarbonização das operações portuárias e o 

avanço do desenvolvimento de infraestruturas sustentáveis. 

Palavras-chave 

Sistemas Híbridos de Energias Renováveis; Gestão de Energia; Estratégias de Otimização; 

Armazenamento de Energia; Avaliação Econômica; Eficiência dos Portos. 
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Chapter 1 

Introduction 

1 Introduction 

This chapter establishes the foundational context of the thesis by presenting the origin of the project 

and the underlying motivations that have guided its development. It defines the core objectives, 

technical, economic, and energy-related, that shape the scope and direction of the study. Additionally, 

it outlines the overall structure of the thesis, providing a concise summary of each subsequent chapter 

in order to offer a clear understanding of the research framework and methodological approach adopted 

throughout the work. 

 

  



 

2 

1.1 Overview and motivation 

In recent years, significant groundwork has been laid globally, and particularly within Europe, to support 

the energy transition. This has been driven by the implementation of strategic initiatives aimed not only 

at achieving climate neutrality in line with the 2030 and 2050 targets, but also at enhancing energy 

autonomy across local, national, and regional scales. 

The European Union (EU) is making significant investments to accelerate the transition toward cleaner, 

more sustainable energy systems. Central to this effort is the widespread adoption of renewable energy 

sources, supported by advanced storage solutions that ensure a stable, reliable supply of electricity for 

all users. Achieving this vision requires the deployment of hybrid systems that seamlessly integrate 

energy generation and storage. These systems are not only crucial for large-scale infrastructure but also 

play a key role in enabling decentralized energy models and promoting self-consumption. 

In line with this objective, initiatives, such as HY4RES, co-financed by the EU Interreg Atlantic Area 

programme, have been launched to demonstrate the potential of hybrid systems at a micro scale. 

HY4RES is focused on fostering the adoption of these systems across diverse sectors, including 

agriculture, aquaculture, port operations, and community settings, supporting a more flexible, resilient, 

and low-carbon energy future. 

The initiative currently comprises four pilot projects across three countries, Spain, Portugal, and Ireland, 

with a total investment of 3.2 million euros allocated for the design and implementation of hybrid energy 

systems between 2023 and 2026 [1]. One of these pilot projects is located in the Port of Avilés, Spain, 

where a combination of renewable energy sources, including photovoltaic solar, wind, and hydrokinetic 

power, is being integrated with a Pump-as-Turbine (PAT) system. This storage system will absorb 

excess energy when generation exceeds demand and release it when production falls short, ensuring 

a stable and efficient energy supply for selected infrastructures within the port. 

These initiatives demand a multidisciplinary approach that goes beyond technical considerations to 

include economic and strategic dimensions. The goal is not only to deliver energy benefits to the sites 

where hybrid modules are deployed, but also to ensure their financial viability and a reasonable return 

on investment in the medium term. This is the driving motivation behind the project described in this 

document, which centres on the development of an Excel-based model, incorporating Solver, for testing 

and optimizing hybrid energy modules, specifically applied to the Port of Avilés. The model enables the 

simulation of multiple configurations and scenarios, facilitating a comprehensive evaluation of system 

performance across diverse contexts. Ultimately, it supports informed decision-making on the feasibility 

of deploying the technology at a given site and helps identify the most effective energy management 

strategy to maximise both energy output and economic returns. 

The current project is conceived as a continuation of an initial study that outlined the technologies 

incorporated into the hybrid module and provided preliminary estimates of their energy generation. 

These estimates have been later refined to improve their accuracy and, along with other relevant 

parameters, now serve as key inputs to the energy and economic management model developed.  



 

3 

1.2 Objectives and structure 

This research is founded on a set of clearly defined objectives encompassing two core dimensions: 

energy and economics. The specific objectives within each dimension are outlined below, providing a 

strategic framework for analysing the outcomes and assessing the effectiveness and impact of the 

developed energy model, including the various scenarios and configurations evaluated. 

From an energy objectives perspective, the initial goal is to verify that the generation estimates outlined 

in the existing preliminary document align with the results obtained through more advanced calculation 

methodologies, beyond the use of simplified ratios. This verification aims to ensure that the renewable 

units are operating at their maximum feasible output and, consequently, that the model is based on 

accurate input data. 

Following the validation of generation values, the next objective focuses on the development of an 

energy management model capable of testing multiple scenarios. This model will help identify the 

operational limits of the hybrid modules proposed for installation at the Port of Avilés. Through scenario 

simulation and subsequent analysis, the study aims to determine which configurations yield the best 

performance in terms of demand coverage, not only at the system level but also for individual 

components such as generation units and storage technologies. Additionally, the analysis will provide 

insight into the level of dependency on the electrical grid, highlighting specific periods throughout the 

year when external imports are most needed. 

Regarding the economic objectives, the primary aim is to quantify how the system’s energy performance 

can be translated into financial returns. To that end, several profit-generating strategies will be proposed 

and evaluated using key economic indicators such as Net Present Value (NPV), Internal Rate of Return 

(IRR), and Payback Period. Additionally, a complementary metric, euros generated per square meter, 

will be introduced to assess the spatial efficiency and overall effectiveness of each tested configuration 

in maximizing the use of available area. 

Beyond merely measuring and reporting these outcomes, a core objective of the study is to develop an 

optimized model capable of identifying a balanced configuration that delivers both strong energy 

performance and favorable financial returns. This integrated approach represents the fundamental 

purpose of the project: to demonstrate the technical and economic viability of deploying hybrid modules 

as a sustainable energy solution in the selected location.  

This thesis is structured into six chapters, with a brief overview provided, particularly focusing on the 

chapters that follow this introductory section. 

Chapter 2, dedicated to the literature review, offers an overview of the current direction Europe is taking 

regarding the decarbonization and electrification of ports. In response to these evolving regulations, the 

chapter highlights the relevance of hybrid energy systems as a key enabler for compliance. Examples 

of existing hybrid systems implemented in ports around the world are presented, including their main 

applications and the types of energy storage technologies that currently offer the most promising 

performance in ensuring stability, especially in systems reliant on intermittent renewable sources. 
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Additionally, this chapter discusses energy management and optimization tools that enhance the 

performance and reliability of hybrid systems in port environments. 

Chapter 3 marks the beginning of the core technical content of the thesis, focusing on the methodology. 

This section outlines the approaches used to calculate the individual energy generation from the solar 

panels, wind turbines, and hydrokinetic turbines that comprise the hybrid module. The calculated results 

are compared with the data provided in the preliminary design, allowing for the selection of the most 

efficient calculation method. This chapter, also details the process of selecting demand profiles that best 

align with the previously calculated generation levels. Finally, it concludes with a comprehensive 

description and explanation of the operational methodology behind the developed energy management 

model. 

Chapter 4 introduces the first case study, which analyses the performance of the hybrid module when 

all selected demand profiles are assigned to a single unit. In this section, two scenarios are developed 

for the comparison of two different storage systems, pump-as-turbine and batteries. Each scenario 

presents a detailed comparison between the base configuration and its optimized version, highlighting 

the key differences in performance. In addition to the analysis of results, the chapter includes the specific 

governing equations for each system, as well as the corresponding optimization processes used to 

enhance their efficiency. 

Chapter 5 presents the second case study, which explores the operation of multiple hybrid modules 

functioning in parallel. In this section, only the storage technology that delivered the best performance 

in the previous analysis is considered. The focus shifts to evaluating whether it is more advantageous 

to implement individual storage systems for each module or to use a centralized storage configuration. 

Both solutions are compared against the best-performing scenario from Chapter IV to determine the 

most suitable overall solution. 

Finally, Chapter 6 presents the main conclusions drawn from the entire study, along with proposed future 

work. This includes further research directions and recommendations for enhancing the performance of 

the hybrid module, not only in port environments but also in other sectors where its application could 

prove beneficial. 
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Chapter 2 

Literature Review 

2 Literature Review 

This chapter sets the stage by outlining the current regulatory trends driving the electrification of ports, 

with a particular emphasis on developments within Europe. It underscores the growing importance of 

hybrid energy systems as a mean to meet the increasing energy demands of port infrastructures while 

aligning with decarbonization goals. The chapter presents real-world case studies where hybrid systems 

have already been implemented in port settings, demonstrating their practical potential. Furthermore, it 

highlights the critical role of advanced forecasting, optimization, and energy management techniques in 

ensuring the efficient and resilient operation of these complex energy systems. 
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2.1 Future direction of ports energy requirements  

Port facilities across the globe serve as critical infrastructures that underpin a wide array of essential 

activities. They function as strategic nodes for maritime transport, facilitating not only the movement of 

people but also the secure and efficient delivery of vital goods, including food supplies, with over 80% 

of the global trade carried by sea [2]. Moreover, ports play a pivotal role in the global logistics chain, 

enabling the distribution of machinery, raw materials, and other industrial commodities. In doing so, they 

significantly contribute to economic integration and connectivity between cities, regions, and nations 

worldwide. 

To ensure that each of these activities can be carried out safely and efficiently, a reliable power supply 

is essential, making ports significant hubs of energy demand. Given the substantial consumption 

associated with such facilities, the implementation of corrective measures aimed at both reducing 

emissions and providing clean energy for port operations is of critical importance [3]. These efforts are 

particularly relevant in the context of advancing toward the sustainability goals set for 2030, especially 

within the European Union. 

One of the regulations expected to have a significant impact, particularly in terms of emission reduction, 

is the FuelEU Maritime Regulation (EU 2023/1805). This directive stipulates that, starting in 2030, all 

container and passenger ships of 5,000 gross tonnage or more must connect to on-shore power supply 

(OPS) systems while docked. Initially, this requirement will apply to ports within the TEN-T network and 

will extend, by 2035, to all EU ports equipped with the necessary infrastructure [4]. The electrification of 

these maritime operations will inevitably lead to a substantial increase in electricity demand across port 

facilities. As a result, it becomes even more critical to ensure that the supporting energy infrastructure 

is sufficiently robust to prevent any risk of supply shortages. According to studies conducted by the 

European Union, from 2030 onward, average electricity demand across EU ports is projected to range 

between 6 and 13 TWh per year, highlighting the scale and impact of the measures being introduced 

[5]. 

2.2 Hybrid renewable energy systems in port environments 

The growing imperative to ensure a stable and sustainable energy supply from renewable sources, 

alongside the rising electricity demands driven by regulatory developments, strongly indicates that the 

future of energy in port operations will rely on hybrid systems [6]. A number of pilot projects have already 

been conducted, yielding reliable and promising outcomes that highlight the viability and resilience of 

well-optimized infrastructure solutions. 

At the Port of Souda in Crete, a case study was proposed to assess the impact of integrating wind 

turbines, solar panels, and energy storage systems operating together as a hybrid solution. Across the 

various scenarios analysed, a reduction in the levelized cost of energy (LCOE) of over 50% was 

observed in the vast majority of cases, with the hybrid system contributing up to nearly 90% of the total 

energy supply in the most favourable configurations [7].  
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The highly positive results demonstrated in the previous case study are replicable across numerous 

other applications where hybrid power generation systems can be employed within port facilities. 

Additional studies, such as one conducted across four ports in Egypt, have shown that hybrid systems, 

applied in this instance to water desalination processes, are significantly more cost-effective than relying 

on renewable sources individually. The relative cost of electricity production was reduced at all ports 

examined when hybrid systems were implemented, while simultaneously decreasing the number of 

converters and batteries required compared to scenarios where wind and solar sources operated 

independently [8]. 

Further evidence reinforces the conclusion that using renewable energy sources in isolation is 

significantly less efficient, and therefore less effective in supporting the sustainability of port operations, 

compared to their integration in hybrid systems. At the Port of Ningbo-Zhoushan, the feasibility of 

implementing hybrid systems was explored not only to advance electrification but also to support 

hydrogen production. The study revealed that, over the five-year installation period, the poorest 

performance occurred in the second year, when only the solar panels were operational, highlighting the 

limitations of single-source renewable systems [9]. 

Despite the numerous benefits that hybrid energy systems can offer, one of the main challenges lies in 

the difficulty of installing a sufficient number of generation units within the limited space available at 

many ports to achieve full energy self-sufficiency. For this reason, the potential integration of offshore 

hybrid systems has also been explored, involving the use of floating platforms and structures containing 

components such as solar panels and wind turbines [10]. This approach helps preserve onshore space 

and avoids disrupting port logistics. However, careful planning is required to ensure these installations 

are positioned outside the navigational routes of vessels approaching or docking at the port. 

Efficient space utilization is a critical factor when deploying renewable energy solutions in port 

environments, where maintaining seamless operational activities is essential. In this context, integrating 

compact, high-energy-density storage systems is equally important. Among current technologies, 

lithium-ion batteries are the most commonly used, particularly for small-scale systems, due to their 

favourable energy density, typically ranging from 75 to 250 Wh/kg [11]. However, energy density should 

not be the sole determinant when selecting a storage technology. Cost-effectiveness also plays a vital 

role. Various studies indicate that thermal energy storage, when incorporated into hybrid configurations, 

can offer greater economic advantages compared to batteries, fuel cells, or pumped storage, especially 

when combined with solar and wind power sources [12]. 

Although less commonly implemented, interest in the application of hydrogen storage systems, has 

increased in recent years. While concrete data on the number of ports located near salt formations is 

limited, with examples such as Walvis Bay in Namibia [13], recent research identifies salt caverns as 

promising candidates for the development of underground hydrogen storage infrastructure [14]. This 

concept holds growing potential for hybrid energy systems in ports, primarily due to its minimal surface 

footprint and the exceptionally high energy density of hydrogen, which far exceeds that of lithium-ion 

batteries [11]. 
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2.3 Optimization approaches and management strategies for 

hybrid energy systems 

Relying on hybrid systems that depend heavily on intermittent energy sources requires the 

implementation of advanced management and optimization strategies to ensure their operation is as 

efficient as possible [15]. 

One of the key aspects to consider before applying energy management strategies is the availability of 

reliable climatic and generation data, which is typically achieved through predictive systems. In many 

cases, individual machine learning algorithms and models are used for such forecasting tasks. While 

these models can deliver acceptable results, recent studies have shown that the use of ensemble 

learning techniques, specifically stacking regressors (SR), significantly improves the accuracy of 

predictions, particularly for variables such as direct solar irradiance and wind speed [16]. 

Following the prediction of fundamental data used to estimate renewable energy generation, artificial 

intelligence (AI) plays a key role in the optimization of hybrid renewable systems (HRS). Currently, 

approximately 36.01% of research efforts focus on the application of AI, particularly for real-time 

decision-making. Despite the growing interest in AI-based models, metaheuristic approaches continue 

to dominate the scientific field, accounting for 47.12% of related research [17]. 

Focusing on the benefits that artificial intelligence can bring to hybrid renewable systems, its applications 

span a wide range of areas. These include component-by-component system sizing to help reduce the 

levelized cost of energy, consumption pattern prediction to ensure a more reliable energy supply, critical 

load detection, and load shifting analysis, among others [18]. Effective energy management through the 

use of artificial intelligence has also proven to have a positive impact on emissions, achieving reductions 

of up to 11.5% in case studies such as Jeju Island. In this instance, AI not only contributed to lowering 

emissions but also helped mitigate curtailment issues [19]. 

In addition to the application of artificial intelligence, complementary methods such as digital twins are 

increasingly being used, particularly in built environments. Traditional monitoring systems often fail to 

provide fully reliable results and lack a comprehensive perspective on improving energy management. 

Depending on the environment and building usage patterns, digital twins can begin delivering 

meaningful data in a short period of time. In office buildings, for example, a reliability rate of 97% can 

be achieved in just three days [20]. These systems are highly effective in identifying consumption 

inefficiencies and can also be applied to port facilities. 

All these methods enhance the performance of energy systems operating under traditional frameworks. 

However, in environments with a significant lack of data, it is crucial to develop an initial model that is 

as optimized as possible. From that point onward, advanced methodologies can be used to continuously 

refine and improve the model over time and the energy management strategies, when having enough 

data.
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Chapter 3 

Methodology 

3 Methodology 

This section presents the methodology used to define the key inputs for the energy management tool 

developed to evaluate the hybrid module. It begins with a refined estimation of renewable energy 

generation, comparing these calculations against initial projections to validate accuracy. The process 

for selecting representative consumption profiles and appropriate electricity tariffs is then outlined, 

ensuring realistic simulation conditions. These inputs form the foundation for modeling various 

operational scenarios. Finally, the structure and core functionalities of the energy management tool are 

described, emphasizing how it processes data and conducts performance simulations. 



10 

3.1 Renewable energy generation modelling 

In small-scale energy projects or systems designed for self-consumption, it is crucial to maximize the 

generation of the installed technologies. The more optimized the system, the higher the level of energy 

coverage and autonomy, which in turn enhances the return on investment and overall system efficiency. 

As outlined in previous sections, this project commenced with a preliminary design aimed at defining 

the individual generation profiles of each renewable energy source using basic parameters. The results 

were based on general assumptions.  

The use of advanced software and calculation methods has become standard in the industry, facilitating 

a more precise alignment between simulations and actual outcomes. Consequently, this section 

evaluates whether the generation calculations from the initial project concept align with the results 

obtained through alternative methods, including the application of advanced software. 

3.1.1 Photovoltaic unit  

3.1.1.1 Description of the preliminary PV design and results 

Photovoltaic solar energy is currently one of the fastest growing and most promising energy sources 

worldwide. In recent years, this technology has not only seen significant technical advancements but 

has also experienced a substantial reduction in both installation costs and levelized cost of energy. 

These developments have driven the increase in projects across both residential and utility-scale 

sectors. According to data from the International Renewable Energy Agency (IRENA), installation costs 

decreased by between 46% and 85% from 2010 to 2020, depending on the market and country, with 

global costs reaching a minimum of 658 USD/kW and 100 USD/kW for battery technology [21]. 

Over the past decade, Spain has emerged as a key player in the development and adoption of 

photovoltaic technology. From 2013 to 2020, residential installation costs for photovoltaic panels 

decreased by approximately 1,507 USD/kW, making the technology increasingly attractive not only to 

large corporations but also to individual consumers. 

Building on the former context and with a focus on the current project, solar energy is anticipated to be 

a fundamental element within the system's generating units. Before proceeding with new simulations 

and adjustments for this renewable source, it is crucial to first examine the pre-established conditions 

and results from the preliminary design. This will define a baseline for comparing the outcomes 

generated by the simulations. 

In line with the technical design specifications, the photovoltaic unit is equipped with two Deepblue 3.0 

JA Monocrystalline panels, each with a power rating of 405 W, resulting in a total installed capacity of 

810 W. With an estimated operational period of 292 days, or approximately 80% of the year, and an 

average solar irradiation of 3 kWh/m²/day, the panels are projected to generate around 567.65 kWh 

annually. While this represents a relatively small generation capacity due to the limited number of 
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modules, it is expected that they will provide around 43% of the total energy production [22]. 

Although the results obtained fall within a reasonable range, they overlook important factors such as 

panel tilt angle, system losses, and the degradation of photovoltaic modules over time. To achieve a 

more precise and realistic evaluation, it is essential to conduct advanced simulations that account for 

these variables. For this purpose, PVsyst has been chosen as the tool to design the photovoltaic system 

and verify whether the generation estimates align with the actual performance of the installation. 

3.1.1.2 Redefinition of the photovoltaic unit 

When designing and developing a photovoltaic installation, several key parameters must be considered 

from the outset. One of the most important is the irradiation that the panels will receive throughout the 

year, as it directly impacts the total energy generation over time. 

To optimize solar irradiation capture, factors such as panel orientation and tilt angle must be carefully 

planned. The ideal orientation for maximum solar exposure depends on the installation's location. In the 

northern hemisphere, panels should face as far south as possible, while in the southern hemisphere, 

they should be oriented towards the north to ensure maximum solar incidence. 

In the design in question, this is not a constraint, as the panels are mounted on an independent metal 

structure, providing full flexibility in their orientation. Given that Avilés is located in the northern 

hemisphere, the panels will be aligned towards the south to optimize solar exposure and maximize 

energy generation efficiency. 

Regarding the tilt angle, it is commonly recommended to set the panels at an angle close to the latitude 

of the installation site to increase energy capture. While this approach may be suitable in certain 

conditions, its accuracy diminishes at higher latitudes due to increased standard error [23]. To determine 

the optimal angle for the Port of Avilés, the Photovoltaic Geographical Information System (PVGIS) has 

been employed. This tool uses the site's coordinates to identify the angle that maximizes solar irradiation 

incidence, enabling comparisons with alternative angles to assess the variation between the selected 

and optimal slopes. 

This tool provides various functions, including the possibility to export climate data such as the average 

monthly temperatures throughout the year. This data is crucial for designing the solar installation, as 

photovoltaic panels are optimized for operation at an ideal temperature, typically around 25°C. 

Deviations from this temperature necessitate the application of correction factors to the voltage and 

current, which must be accounted for to ensure the system performs efficiently and reliably. 

Based on the results obtained from PVGIS, the optimal tilt angle for the specified location is 36º. 

However, this angle is not commonly available among standard structure manufacturers, which could 

lead to additional installation costs if a custom structure is required. Therefore, a comparison has been 

made with a potential tilt angle of 30º. It is important to note that both tilt angles comply with the 

regulations outlined in the municipal ordinance governing the installation of photovoltaic panels in Avilés, 

which specifies that the maximum height from the ground to the top of the panel should not exceed 1.8 

meters [24]. Table 3.1 presents a comparison between both angles, along with the average temperature 
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for the selected location. 

 Table 3.1. Average temperature and comparison between incident irradiation at 36º and 30º. 

Month 
Irradiation 

(kWh/m2/month) (36º) 

Irradiation 
(kWh/m2/month) 

(30º) 

Average 
Temperature (ºC) 

January 90.6 84.8 8.5 

February 111.4 106.0 7.4 

March 150.7 148.0 11.9 

April 175.7 176.4 12.9 

May 179.1 183.6 14.4 

June 169.9 175.4 18.5 

July 177.8 182.9 18.9 

August 165.0 167.4 19.5 

September 157.8 156.0 18.9 

October 109.4 106.0 17.0 

November 70.0 66.9 12.6 

December 85.5 79.6 9.3 

Total 1642.9 1633.0 14.2 
 

The analysis confirms that reducing the panel inclination by 6 degrees has an almost negligible impact 

on incident irradiation, with a difference of just 0.602%. This validates that adopting the previously 

mentioned 30º tilt is a reliable choice, as it does not result in significant losses in irradiation capture. 

With the orientation and inclination of the panels established, the key components and models of the 

photovoltaic system are defined, with a particular focus on the panels and the inverter. 

To ensure a robust comparison, the panel model from the preliminary design has been retained, 

ensuring that the simulations are conducted under consistent conditions. As the inverter specification 

had not been previously determined, this allowed for greater flexibility in its selection. After evaluating 

the available options, a model with a capacity slightly exceeding the installed photovoltaic power has 

been chosen. Consequently, the GW1000-XS model from GoodWe has been selected for this 

installation. 

Through the utilization of PVsyst, it has been verified that the panel arrangement in series, and thus 

within the same string, consistently complies with the inverter's technical specifications. According to 

the inverter datasheet, a minimum input voltage of 40 V is required. Given that each panel has a 

maximum power voltage of 31.21 V, arranging them in series results in a total installation voltage derived 

from the sum of the individual panel voltages. Under standard conditions of 25ºC, the input voltage to 

the inverter will be 62.42 V.  

As previously noted, the voltage is influenced by the ambient temperature to which the panels are 

exposed. To account for this, tests were conducted using PVsyst under extreme temperatures of -10ºC 

and 60ºC, applying the voltage correction factors based on temperature as specified in the datasheet. 

In both cases, the results were favourable, and the inverter’s minimum and maximum voltage limits were 
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not exceeded. The voltage at -10ºC was calculated to be 81 V, while at 60ºC, it was 55 V. Table 3.2 

presents the detailed specifications of both the panels and the inverter. 

Table 3.2. Photovoltaic panels and inverter technical specifications. 

PV Panels (JAM54S30-405/MR) Inverter (GW1000-XS) 

Parameter Value Parameter Value 

Rated maximum power (Pmax) [W] 405 Max. input voltage (V) 500 

Open circuit voltage (Voc) [V] 37.23 Mpp. Operating voltage range (V) 40 - 450 

Maximum power voltage (Vmp) [V] 31.21 Start-up voltage (V) 40 

Short circuit current (Isc) [A] 13.87 Max. Short Circuit Current per MPPT 
(A) 

15.6 

Maximum Power Current (Imp) [A] 12.98 Number of MPP Trackers 1 

Module efficiency [%] 20.7 Number of Strings per MPPT 1 

Temperature coefficient of Isc (α_Isc) +0.045%/ºC Nominal output power (W) 1000 

Temperature coefficient of Voc (β_Voc) -0.275%/ºC Max. AC Active Power (W) 1100 

Temperature coefficient of Pmax 
(γ_Pmp) 

-0.350%/ºC Max. Efficiency 97.2% 

To ensure the simulations accurately reflect real-world performance, a series of loss factors have been 

applied to account for system inefficiencies. Incorporating these factors is essential, as failing to do so 

could result in overestimated energy generation, leading to discrepancies when comparing simulations 

to actual performance. 

Notably, this analysis does not consider shading losses from nearby objects. Since the installation is 

designed as an independent structure, the panels will be strategically positioned to prevent any potential 

obstruction to sunlight. Table 3.3 summarizes the efficiency loss factors integrated into the model. 

Table 3.3. Losses applied to the photovoltaic system. 

Losses Loss factor applied 

Soiling loss factor 1.5% 

LID loss factor 0% 

Loss due to temperature 3.85% 

Degradation loss factor 25 years 13.47% 

Mismatch loss 0.5% 
 

After including all relevant factors and constraints, the annual simulation results have been obtained. 

Unlike the preliminary design, which relied on simplified estimations, this analysis employs advanced 

professional software to model photovoltaic generation on an hourly basis. By utilizing high-resolution 

climatic data from the Meteonorm 8.1 database, the accuracy of the results is significantly enhanced. 

This refined approach eliminates the reliance on annual average data, instead providing a granular and 

time-specific assessment of energy production. As a result, the simulation more accurately reflects real-

world conditions and system performance. Figure 3.1 illustrates the variation in photovoltaic generation 

throughout the year, as well as the energy losses incurred during irradiation capture and throughout the 

different system components. 
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Figure 3.1. Normalized energy generation over the year. 

The final generation results demonstrate a significant improvement over the estimates from the 

preliminary design. By implementing this new methodology, annual photovoltaic production has reached 

784.73 kWh, marking a 38.64% increase. Furthermore, the energy generation per installed Watt has 

risen substantially from 0.70 kWh/W to 0.97 kWh/W. This underscores the importance of applying 

advanced methodologies when estimating generation, particularly for renewable energy sources, which 

are inherently variable. Relying on generic data and extrapolating results can sometimes lead to 

inaccurate or unrepresentative projections. 

3.1.2 Wind unit 

3.1.2.1 Description of preliminary wind design and results 

Similar to the advancements in the photovoltaic sector, wind energy has also seen substantial growth 

in installed capacity and cost reductions, both in Spain and globally. While small-scale wind systems 

are less prevalent in residential and industrial settings compared to solar panels, a well-optimized design 

can enable both technologies to work synergistically. Their complementary nature enhances the 

efficiency and reliability of hybrid energy systems, such as the one currently under development. 

Preliminary forecasts have been made to estimate the contribution of this energy source to overall 

generation of the hybrid system. However, these projections rely on generic parameters, which, similar 

to the experience with the photovoltaic unit, may lead to discrepancies between initial predictions and 

actual performance over time. To address this, it is crucial to implement more refined calculation 

methods that improve the accuracy of long-term forecasts and minimize the impact of potential 

mismatches. 

From a technical perspective, vertical-axis wind turbines (VAWTs), specifically the SMARAAD 24V 

model, have been selected for this project. VAWTs offer several advantages over horizontal-axis wind 

turbines (HAWTs), particularly in urban environments. Unlike HAWTs, VAWTs do not require active 

alignment with the wind direction, enabling them to capture wind from any angle. They can also operate 

at lower wind speeds and perform more efficiently in areas with high turbulence. Additionally, VAWTs 
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facilitate easier maintenance, as critical components such as the gearbox can be more compact and 

positioned closer to the ground [25]. Another notable advantage is their lower noise emissions compared 

to HAWTs, making them particularly suitable for urban areas with stringent noise regulations. 

However, these benefits come with certain trade-offs. In terms of efficiency, HAWTs generally 

outperform VAWTs. The efficiency of a VAWT depends largely on its design, which can be categorized 

into three main types: Cup, Savonius, and Darrieus. Cup and Savonius designs operate primarily based 

on drag forces, resulting in lower efficiencies of approximately 8% and 16%, respectively. In contrast, 

the Darrieus design utilizes lift-based aerodynamics, allowing it to achieve efficiency levels of up to 40% 

[26]. Modern three-bladed HAWTs, by comparison, can reach efficiencies of approximately 50%, 

enabling greater power generation for the same swept area. As a result, VAWTs are generally less cost-

effective than HAWTs for large-scale applications. 

Given the design of a hybrid system for self-consumption and the specified characteristics, the use of 

the SMARAAD 24V model can be positively endorsed. For this system, each turbine is rated at 800 W, 

with a total of three turbines to be installed. Similar to the solar section, it is estimated that the turbines 

will operate for approximately 292 days annually, with a projected generation of 250 W/m² and a swept 

area of 0.45 m² per turbine. 

Considering all the factors outlined above, it is estimated that the wind generation of the hybrid system 

will total approximately 473.04 kWh by the end of the year. This represents 36% of the total energy 

contribution of the hybrid module, making wind energy the second most significant source in the 

system's energy mix. 

3.1.2.2 Redefinition of the wind unit 

Once the preliminary results have been established, a series of alternative calculations will be conducted 

to verify that the initial estimates align with methods that incorporate more precise data, such as hourly 

wind speed. 

It is important to acknowledge that modeling wind installations of this scale can be challenging due to 

the limited availability of commercial software capable of conducting such simulations. As a result, the 

decision has been made to derive estimates using the power curve in relation to the wind speed 

supported by the turbines. 

For the selected model, the manufacturer's power curve is unavailable, requiring the development of 

alternative methods for extrapolation. One effective approach involves using the minimum operating 

speed and the wind velocity at which the turbine reaches its nominal power. By applying these two data 

points, a polynomial trend line can be generated, enabling the estimation of the power output from the 

turbine's startup until it reaches its maximum capacity. 

Another approach considered is the calculation of the ideal power curve using the power coefficient 

(CP). Under ideal conditions, where factors such as viscosity are not accounted for, the power coefficient 

can be determined at the nominal wind speed and applied to lower velocities, enabling the calculation 

of power at each of these levels. However, a significant challenge with this method is that datasheets 
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often lack some of the necessary information, such as the chord of the airfoil and the tip speed ratio, 

requiring assumptions that could potentially skew the accuracy of the calculations.  

After evaluating both methodologies, it has been decided to proceed with the first approach, which 

involves determining the power curve based on the start-up speed and the wind velocity at which 

nominal power is achieved. Initially, a preliminary trend line has been established to extrapolate the 

power for intermediate wind speeds. For this particular turbine, the start-up speed is 2 m/s, and the rated 

wind velocity is 11 m/s. Using these two values, Equation (3.1) has been obtained. 

𝑃𝑡𝑢𝑟𝑏 = 0.0002 · 𝑣6  −  0.0153 · 𝑣5   +  0.5673 · 𝑣4 −  10.112 · 𝑣3 +  82.934 · 𝑣2 −  185.33 · 𝑣 +  111.66      (3.1) 

𝑃𝑡𝑢𝑟𝑏 corresponds to the power output of the turbine in (W) and 𝑣 to the wind speed in (m/s). After 

substituting the speed values into the previous formula, a power curve has been derived that closely 

represents the expected performance of the wind turbine. Once a reliable approximation has been 

achieved, PVGIS is utilized to obtain wind data for the area, enabling the calculation of hourly energy 

generation. 

To ensure the highest possible accuracy, all calculations have been conducted in Excel, incorporating 

a series of constraints to maintain the wind turbines within their operational limits. Before detailing these 

constraints, Table 3.4 presents a summary of key wind data, including the average wind speed for each 

month of the year and wind directionality, along with a graphical representation of the corresponding 

power curve. 

Table 3.4. Monthly average of wind speed and direction. 

Month Average Wind Speed (m/s) Average Wind Direction (º) 

January 3.05 220.3991935 

February 2.50 183.6175595 

March 2.82 181.3870968 

April 2.31 135.2763889 

May 2.61 103.8454301 

June 2.47 178.0305556 

July 2.92 181.3534946 

August 2.39 147.5094086 

September 2.67 153.9638889 

October 2.58 157.7352151 

November 2.92 179.6986111 

December 3.37 187.0053763 

Total average: 2.72 167.4851849 
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Figure 3.2. Definition of wind direction (50 m) and wind turbine estimated power curve. 

After considering all these factors, it is essential to define the operational constraints of the wind turbine, 

which are necessary to ensure its proper functioning. The turbine has a cut-in speed, marking the point 

at which it begins generating power, and a rated speed, at which the maximum achievable power is 

reached and maintained for higher wind speeds. Additionally, a cut-out speed is established, beyond 

which the turbine ceases operation to ensure safety, protect structural integrity, and minimize wear or 

potential failures. 

For the selected turbine, the manufacturer’s datasheet specifies a maximum allowable wind speed of 

45 m/s. However, to enhance the system’s longevity, a more conservative operational limit of 25 m/s 

has been set, as illustrated in Figure 3.2. A comprehensive overview of the wind turbine’s specifications 

can be found in the datasheet provided in the Appendix B of this document. All these constraints have 

been defined with the Equation (3.2); 

                                        𝑃(𝑣) = {

0                                   𝑖𝑓 𝑣 < 2

𝑃𝑡𝑢𝑟𝑏(𝑣)           𝑖𝑓 2 ≤ 𝑣 < 11
800                 𝑖𝑓 11 ≤ 𝑣 ≤ 25
0                                 𝑖𝑓 𝑣 > 25

                                        (3.2)  

The parameter 𝑃𝑡𝑢𝑟𝑏(𝑣), corresponds to the turbine power equation between 2 and 11 m/s in function of 

the wind speed. After defining the climatic wind parameters for the area, along with the wind turbine 

power curve and the critical wind speeds that determine operational performance, the monthly energy 

generation data have been analyzed. These calculations, based on hourly wind data, reflect the 

combined output of the three wind turbines. The results are summarized in Table 3.5 and illustrated in 

Figure 3.3. 
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Table 3.5. Monthly wind generation by the three turbines. 

Month Wind Generation (kWh) 

January 273.74 

February 136.74 

March 202.52 

April 118.73 

May 151.28 

June 145.07 

July 240.02 

August 139.42 

September 188.06 

October 149.60 

November 257.43 

December 306.42 

Total: 2309.03 

 

Figure 3.3. Wind generation profile over a calendar year. 

The results reveal a substantial divergence from the initial design estimates, with actual energy 

generation significantly exceeding the projections outlined in the proposal document. This difference is 

largely due to the inherent variability of wind, which is far less predictable than solar irradiation. While 

solar energy follows a more stable and cyclical pattern, wind energy is highly dynamic and influenced 

by atmospheric conditions, resulting in greater fluctuations in the output. The total energy generated by 

the three wind turbines amounts to 2,309.03 kWh, nearly five times the estimated production based on 

annualized average parameters. This significant increase in generation fundamentally alters the energy 

mix of the hybrid module, positioning wind energy as the dominant source while reducing the relative 

contribution of solar power. 
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3.1.3 Hydrokinetic unit 

3.1.3.1 Description of preliminary hydrokinetic design and results 

Hydrokinetic energy is the final power source incorporated into the hybrid module’s energy mix, 

providing a valuable source of supplemental energy. While it is not commonly used for self-consumption 

or small-scale applications, its integration in this case can be highly positive. The hybrid module is 

designed for deployment in an estuary designated for port operations, where hydrokinetic energy can 

enhance efficiency, sustainability, and overall energy resilience. 

The original project document provides limited data and technical specifications for this renewable 

energy source. While it confirms the use of two Savonius vertical-axis turbines, it does not specify the 

exact model, making it difficult to conduct a precise and detailed comparison between the initial 

generation estimates and alternative redefined methods of calculation. Key factors considered in 

estimating the energy output of the hydrokinetic turbines include an average water velocity of 0.7 m/s 

and a swept area of 0.28 m² per turbine. 

Similar to wind energy, vertical-axis turbines come in various types. For this application, the Savonius 

turbine is the most suitable choice due to its low required start-up speed. Given the low average water 

velocity, alternative turbine types could significantly reduce the system’s efficiency, as they would often 

remain inactive when the flow speed falls below operational requirements. 

According to the established criteria, projections from the base project estimate that the hydrokinetic 

turbines will produce approximately 135.55 kWh per year, accounting for 10% of the module’s total 

annual energy generation. 

3.1.3.2 Redefinition of the hydrokinetic unit 

For the redefinition of the hydrokinetic unit's generation data, the marine conditions around the harbour 

have been reanalysed first, to determine the turbines' actual generation potential more accurately. 

For this purpose, prior studies conducted in the area have been utilized alongside current data from the 

past ten years recorded in the Avilés estuary using the Portus tool, developed by the Spanish 

Government [27]. This information is critical, as the energy potential and current speed vary across 

different sections of the port. Consequently, selecting the optimal site will be essential to maximizing 

turbine efficiency. 

Based on the velocity profiles shown in Figure 3.4, it has been observed that, as the distance from the 

estuary mouth increases, current velocities decrease significantly, averaging approximately 0.2 m/s, 

which is insufficient for effective energy generation. Research is currently focused on developing 

advanced hydrokinetic turbines that can operate at lower flow velocities, thereby enhancing efficiency 

and expanding the potential of hydrokinetic energy systems. Among these innovations, experimental 

three-blade horizontal-axis turbine designs have shown promise, demonstrating functionality at flow 

speeds as low as 0.14 m/s [28]. However, as these models are still in the prototype stage and not yet  
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commercially available, they cannot currently be incorporated into 

the hybrid module. At present, most commercially available 

turbines require a minimum flow velocity of approximately 0.5 m/s, 

a key parameter that must be considered when estimating the 

unit’s energy output, as it defines the lower operational threshold 

of the system. 

Referring to the information presented in Figure 3.4, it offers a 

distinct perspective compared to the preliminary design of the 

project. Initially, the estuary's average velocity was estimated at 

0.7 m/s. While this value may apply at certain locations, it cannot 

be considered representative across the entire area, as the 

velocity is notably lower in most sections. Consequently, it is 

concluded that the hybrid module should be positioned as close 

as possible to the estuary entrance, where current velocities of up 

to 0.8 m/s can be achieved. 

Another important factor to consider is the periodicity of the velocity peaks and troughs. Analysis of the 

historical data has revealed a clear cyclical pattern, with a period of approximately twelve hours between 

peaks, resulting in 6-hour cycles of increasing and decreasing velocity. This pattern is more clearly 

illustrated in Figure 3.5. The cyclical variability of the currents will be instrumental in determining the 

operational periods of the turbines. 

 

Figure 3.5. Exemplification of a typical water velocity profile in the Port of Avilés. 

Scientific studies, primarily based on velocity profiles and other relevant parameters, have been 

conducted to evaluate the energy potential of the Avilés estuary. In this context, five strategic locations 

were selected, each defined by its distance from the estuary mouth, and the energy potential per square 

meter was quantified for each point. The location nearest to the estuary mouth, situated 100 meters way 

from this reference, was identified as the most optimal for positioning the hybrid module, with an energy 

potential of 1.59 kWh/m² [29]. Given the estuary's considerable width, approximately 164 metres at the 

proposed site, turbine installation at this location poses substantial technical and logistical challenges, 

 

Figure 3.4. Water velocity across 

Port of Avilés. 
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in addition to the potential disruption of port operations. As a result, the hybrid module is planned for 

deployment in an auxiliary canal situated roughly 1,000 metres upstream from the estuary mouth, which 

was also included in the study’s surveyed locations. This alternative site offers a significantly narrower 

span of approximately 19 metres, greatly enhancing the practicality and cost-effectiveness of the 

installation. Table 3.6 outlines the estimated energy potential at each of the evaluated points. 

Table 3.6. Hydrokinetic energy potential from studied reference [29]. 

Position (m) Energy potential (kWh/m2) 

100 1.59 

1000 0.0995 

2000 0.0332  

3000 0.0545 

4000 0.0024  

Based on the analysis conducted and the factors previously discussed and considering that the hybrid 

block will be positioned approximately 1000 meters from the mouth of the estuary, it has been estimated 

that the hydrokinetic unit will operate in 6-hour generation cycles followed by 6-hour rest periods, in 

alignment with the natural current patterns of the area. For this specific application, the same swept area 

of 0.28 m², as defined in the initial project, will be used to ensure a fair and consistent comparison. 

Under these conditions, the projected annual energy production of the unit is estimated to be 244.05 

kWh. This value represents 80.4% increase over the initial estimates, marking a substantial 

improvement compared to the projections outlined in the original design. 

3.1.4 PAT unit 

Given the reliance on renewable energy sources, it is essential to implement an effective energy storage 

solution to ensure system stability and mitigate the fluctuations associated with intermittent generation. 

To address this challenge, a pump-as-turbine system has been previously selected as the preferred 

solution. This system enables the storage of excess energy produced during periods of low demand, 

allowing it to be redeployed when direct generation from the renewable module is insufficient to meet 

consumption needs. As a result, the PAT system plays a vital role in supporting energy system reliability 

and ensuring continuous power availability. 

While the preliminary design estimates the PAT system's generation capacity at 140.16 kWh, 

approximately 11% of the total projected output, this value should be considered indicative rather than 

definitive. The actual performance of the system is influenced by numerous external variables, including 

the chosen energy management strategy, hourly demand profiles, and specific operating conditions, 

rather than solely by pump capacity or runtime. Consequently, the effectiveness and utilization of the 

PAT system may vary significantly. For this reason, no fixed contribution has been assigned in this 

section; instead, its performance will be assessed individually within each of the simulated scenarios. 

From a technical standpoint, the system incorporates a pump capable of operating reversibly as a 
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turbine. Positioned within the canal designated for the hybrid module, the pump is integrated into a 

network of pipes and valves that facilitate the transfer of water to an elevated tank, initially set at a height 

of 3 meters. The system is designed with a nominal power output of 200 W for the pump-as-turbine unit, 

though this parameter can be tailored to accommodate the specific demands of various operational 

scenarios. 

The hydraulic circuit has been engineered to prioritize operational simplicity and cost-effectiveness, 

without compromising functionality. The system comprises four valves, two of which are manually 

operated and positioned near the tank and turbine to ensure ease of access and control. At the core of 

the system, the main conduit diverges into two distinct branches: the upper branch governs the 

discharge of water from the tank, while the lower branch facilitates the pumping process to replenish the 

tank. This dual-path configuration enables efficient flow management and enhances overall system 

performance. A comprehensive schematic of the complete Pump-as-Turbine system is provided in 

Figure 3.6.  

 

Figure 3.6. Hydraulic scheme of the PAT system.  

This system will be maintained throughout the different scenarios tested for the original system design. 

Additionally, comparative simulations will be conducted to evaluate alternative storage technologies. 

These simulations aim to identify differences in performance and assess their impact on both energy 

efficiency and economic viability. 

As a result of the individual adjustments made to each energy source, the revised energy mix of the 

hybrid module reflects a significantly different paradigm compared to the initial estimates presented in 

the basic project, as shown in Figure 3.7. Moreover, by applying alternative and more refined calculation 

methods, the system’s energy potential has been enhanced by 253%, taking into account that the 

storage unit contribution has not been considered yet.  



 

23 

 

Figure 3.7. Energy mix comparison of the hybrid module before and after the reconfiguration of the 

generating units. 

3.2 Load profile selection 

3.2.1 Demand considerations 

While accurately estimating the hybrid module’s generation capacity is essential for designing effective 

energy management strategies, the careful selection of target energy demands is equally critical. This 

choice directly shapes system performance and underpins the methods used to optimise both energy 

efficiency and economic viability. 

According to data recorded at the Port of Avilés, a total of 30 energy supply points have been identified, 

each corresponding to different infrastructures within the port complex. These facilities support a diverse 

range of activities, resulting in markedly different energy demand profiles, ranging from minimal 

consumption to high-intensity usage that generates substantial energy costs over each reporting period. 

Considering the variation in energy consumption across the different installations and the generation 

limitations of the hybrid module, it is crucial to focus on infrastructures with energy demands that closely 

align with the module’s output. This will result in a more balanced system performance, leading to more 

accurate and reliable conclusions than if the module was used to meet highly diverse profiles. 

The energy demands across the port are directly linked to the tariff structures assigned to each 

infrastructure. Three distinct tariff categories, 2.0 TD, 3.0 TD, and 6.1 TD, are applied, each reflecting 

the varying energy intensities required by the facilities. A comprehensive understanding of how each 

tariff structure impacts energy demand costs and the management of the hybrid module is essential, 

particularly when assessing the economic performance in the development of different scenarios. 

3.2.2 Analysis and criteria used for demand profiles selection  

Of the 30 supply points registered throughout the port, detailed consumption profiles have been obtained 

for 23 of them. The collected data have been systematically filtered and categorized based on the 
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applicable tariff structures and the recorded energy volumes at each meter. As a preliminary step, all 

supply points operating under the 6.1TD tariff were excluded from further analysis, as their demand 

levels significantly exceed the operational capacity of the proposed hybrid module. 

Subsequent analysis has focused on the consumption profiles associated with the two remaining tariff 

structures. Among these, three profiles, Vieja Rula, Embarcadero, and Luz Roja, have been identified 

as particularly suitable. Each is associated with the 2.0 TD tariff and demonstrates a demand pattern 

that remains consistently within the generation capabilities of the hybrid module throughout the year. 

This stability is a key advantage, as other profiles, despite being generally compatible, exhibit sporadic 

demand peaks that disrupt the load profile, potentially compromising the efficiency and reliability of the 

system. 

Beyond the overall scale of demand in relation to the module’s generation capacity, the structural 

characteristics and unique consumption patterns of each profile are of critical importance. A thorough 

individual analysis is therefore indispensable to ensure optimal management and utilisation of the 

energy produced by the hybrid module under each of the scenarios considered. This level of granularity 

allows for more precise adaptation to specific demand behaviours, ultimately enhancing the system’s 

overall efficiency and reliability. 

The analysis begins with the consumption profile of Vieja Rula for the year 2023. A detailed examination 

of its energy requirements and demand trends reveals three distinct behavioural patterns over the study 

period. These variations will have a direct impact on the management of the hybrid system, particularly 

in terms of addressing energy deficits and surpluses. The full profile, along with its segmented periods 

and their specific characteristics, is presented in   Figure 3.8. 

 

  Figure 3.8. Vieja Rula demand profile over 2023.  

Region 1 is marked by peak energy demand during this period. However, despite the higher 

consumption, the energy pattern remains notably stable, with minimal fluctuations between day and 

night. This stability makes the region highly predictable, facilitating accurate forecasting of when 

additional grid support will be required and when the hybrid module alone will be sufficient to meet the 

infrastructure’s energy needs. 

3 
1 

2 
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In reference to the second region, there is a notable decline in consumption, reaching nearly negligible 

levels over a period of approximately one and a half months. However, due to the absence of historical 

data on consumption profiles from previous years, it is difficult to ascertain whether this reduction in 

demand was an isolated event in 2023 or if it reflects a recurring trend in the building's energy 

requirements. 

The third region, which encompasses the majority of the study period, is of particular importance, as it 

is expected to have the greatest influence on the overall performance of the hybrid energy system. This 

segment of the consumption profile is distinguished by a key characteristic: energy demand is 

concentrated during nighttime hours, while daytime consumption remains minimal. Consequently, the 

design and sizing of the energy storage system become critical. Surplus energy generated during the 

day must be efficiently stored to meet demand during periods when solar resources are unavailable, 

shifting the burden of supply to wind and hydrokinetic generation. The total demand of the profile over 

the year amounts to 1,226.96 kWh.  

The second selected consumption profile, associated with Luz Roja, exhibits markedly different energy 

characteristics compared to the previously analysed infrastructure. In this case, demand remains 

consistently low and stable throughout the year, with the exception of two isolated peaks observed in 

March. Given its minimal annual consumption, approximately 6.54 kWh, this profile has been included 

primarily to complement the other two selected profiles. The storage requirements are virtually 

negligible, as the low and steady demand would result in frequent energy surpluses if the profile was 

addressed independently. 

 

Figure 3.9. Luz Roja demand profile over 2023. 

Lastly, regarding the consumption profile of the Embarcadero, identified as the final infrastructure to 

benefit from the hybrid module’s energy production, this profile accounts for approximately 12% of the 

total energy demand, equivalent to 171.66 kWh. When compared to the consumption of Vieja Rula, the 

Embarcadero's demand is significantly lower and also demonstrates a less stable consumption pattern. 

Although the overall scale of demand remains consistent throughout the year, there is a noticeable 

variation in energy usage between the first five months and the subsequent seven months, indicating a 

shift in operational behavior over time. 

In the early months of the study period, the Embarcadero’s energy consumption profile remains 
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consistently stable, showing minimal variation. A modest decline begins in April and extends for 

approximately six weeks, aligning with a concurrent, though more significant, drop in consumption at 

Vieja Rula. From June onward, demand returns to the levels observed between January and March. 

However, the latter half of the year is characterized by recurring consumption peaks. While these 

fluctuations remain within the operational limits of the hybrid module, they introduce a degree of 

instability to the profile, contrasting with the steady behaviour exhibited during the first part of the year. 

In the absence of historical data on the energy performance of this section of the port, it is difficult to 

determine whether the consumption peaks observed in the latter half of the year reflect typical 

operational performance or are anomalies specific to the period under review. Access to such 

information would be particularly valuable for refining the design of the hybrid module’s energy strategies 

and evaluating the reliability of extrapolating the current profile to future years. Given this uncertainty, 

the observed pattern will be treated as representative of normal operating conditions, while the proposed 

energy management model and scenarios will remain adaptable to future revisions as more 

comprehensive data becomes available. 

 

Figure 3.10. Embarcadero demand profile over 2023. 

3.3 Tariffs and economic parameters 

Upon registering a consumption point, the applicable tariff structure is determined based on the 

infrastructure type and corresponding energy requirements. These tailored tariffs govern the 

segmentation of energy consumption across daily and monthly periods for billing purposes. As outlined 

earlier, three distinct tariff categories are applied throughout the port. While these tariffs may have a 

limited effect on the evaluation of the module’s technical energy performance, they are critical in the 

financial analysis. This is because the return on investment largely depends on the reduction of grid 

energy consumption, which directly translates into lower electricity costs and long-term economic 

savings. 

The tariff structures form a critical component of the inputs used in the developed energy analysis model, 

underscoring the importance of their accurate definition and detailed characterization. Within the port’s 
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operational scope, three distinct tariff types are in effect, 2.0 TD, 3.0 TD, and 6.1 TD, each designed to 

reflect the specific energy requirements and operational profiles of the infrastructures they serve. A 

comprehensive overview of these tariff categories and their relevance is provided in Sections 3.3.1 and 

3.3.2. 

3.3.1 Tariff 2.0 TD 

The 2.0 TD tariff in Spain is designed for consumers with a contracted power capacity of up to 15 kW 

and operates at low voltage. It features a mandatory hourly discrimination structure, divided into three 

distinct periods: valley, flat, and peak. Since a fixed price is typically applied based on contracted power, 

regardless of actual consumption, effective management of transmission and distribution tolls assigned 

to each period becomes a key factor in achieving cost savings. It is essential to emphasize that the 

assigned prices for this factor do not reflect the final amount to be paid but rather constitute only a 

portion of the total energy cost.  

This tariff is primarily intended for residential use and low-consumption businesses. In many cases, 

electricity providers may simplify billing by unifying the prices across the different periods. Figure 3.11 

illustrates the distribution of daily periods throughout each month of the year.  

 

Figure 3.11. 2.0TD tariff structure. 

To simplify the economic calculations for the defined scenarios and simulations, unified values and 

prices have been applied to each period associated with this tariff, as shown in Table 3.7. It is worth to 

say that all three selected consumption profiles fall under this tariff model, given their classification as 

low-consumption profiles. 

Table 3.7. Transmission and Distribution (T&D) tolls and final energy price for the 2.0TD tariff. 

Periods 
Transmission and 

distribution tolls (€/kWh)  
Final Energy Price (€/kWh) 

P1 0.033081 0.1090 

P2 0.019184 0.1090 

P3 0.000557 0.1090 
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3.3.2 Tariff 3.0 TD and 6.1 TD 

The 3.0TD and 6.1TD tariff models are addressed together due to their shared period-based structure. 

However, each tariff has distinct characteristics and is designed to meet the specific needs of different 

types of infrastructures and usage requirements. 

Regarding the 3.0TD tariff, it serves as an intermediate pricing model covering power capacities from 

approximately 15 to 100 kW. The year is divided into six tariff periods, each assigned a specific price 

based on the month. This tariff is typically intended for large residences, small to medium-sized 

businesses, offices, and retail establishments. A key advantage is its flexibility in contracted power, 

allowing consumers to adjust their allocation, for example, increasing power during off-peak hours and 

reducing it during peak periods, according to their specific needs. 

Similar to the 2.0TD tariff, the costs associated with distribution and transmission tolls vary depending 

on the tariff period and do not constitute the total final energy price, as additional factors must be 

considered. In this case, maintaining a uniform price across all periods is uncommon, which increases 

the impact of these variations when analysing the economic aspects. 

Regarding the 6.1TD, this model is designed for large electricity consumers. While the 3.0TD may be 

optimal for power levels up to 100 kW, it’s recommended to opt for the 6.1TD from 50 kW onwards. This 

option is ideal for customers requiring high voltage, as well as industries such as automotive and 

metallurgical sectors. In the port area, there are several transformers operating under this tariff model, 

although they are currently not within the achievable targets for the installation of the hybrid module. 

This tariff is also characterized by its division into six tariff periods, following the same structure as the 

3.0TD model. It offers flexibility in the power allocation, allowing different power levels to be adopted 

depending on the period, which helps optimize the overall cost. Figure 3.12 illustrates the distribution of 

tariff periods throughout the calendar year, taking into account both the time of day and the month. 

 

Figure 3.12. 3.0TD and 6.1TD tariff structure. 

The pricing of the 3.0TD and 6.1TD tariffs is a critical factor, particularly in surplus management. As will 

be discussed later, one potential approach involves redirecting excess energy to infrastructures that 

follow the mentioned tariff models, which are more expensive than the 2.0TD tariff. Table 3.8 represents 

both the tolls and final energy prices used in the simulations, primarily for the economic viability analysis. 
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Table 3.8. T&D tolls and final energy price for the 3.0TD and 6.1TD tariffs. 

Period 
Transmission and distribution tolls 

(€/kWh) 
Energy Final Price (€/kWh) 

 3.0 TD 6.1 TD 3.0 TD 6.1 TD 

P1 0.023974 0.021899 0.1928 0.1540 

P2 0.012820 0.011675 0.1673 0.1357 

P3 0.007573 0.007394 0.1427 0.1133 

P4 0.005495 0.005376 0.1229 0.1046 

P5 0.000424 0.000406 0.1046 0.0998 

P6 0.000234 0.000212 0.1165 0.1048 

3.4 Energy management model definition and structure 

3.4.1 Overview of the energy management framework  

Accurate and well-structured data on energy generation and demand is fundamental to understanding 

the dynamics between supply and consumption, enabling a more comprehensive analysis of the 

system's energy balance. To effectively evaluate and manage these parameters, it is essential to 

develop a robust analytical tool that offers detailed insights into energy usage, its purposes, patterns, 

and efficiencies. Such a tool would not only support smarter energy management but also enhance 

economic outcomes and promote environmental sustainability. 

To achieve these objectives, an energy management interface has been developed using Microsoft 

Excel, selected for its broad accessibility and user-friendly features. The interface offers an intuitive, 

visually streamlined experience, allowing for efficient control of the hybrid energy module. Designed with 

flexibility in mind, the tool is both scalable and location-independent, making it suitable for a wide range 

of deployment scenarios. Whether in urban environments like the one studied or in remote rural areas 

near rivers or other water sources, the tool adapts seamlessly. By enabling effective energy 

management across diverse settings, it contributes to more sustainable and efficient energy use on a 

broader scale. 

HOPS (Hybrid Operational System) is the platform developed specifically to support the analysis and 

optimization of the hybrid energy module. It processes a set of key input parameters, such as energy 

generation profiles, demand patterns, and tariff structures, alongside a detailed inventory of component 

quantities and their specific costs. These inputs provide the foundational data necessary for conducting 

comprehensive feasibility studies, directly influencing both the economic viability and energy 

performance of the proposed solution. 

Built to be adaptable, HOPS currently supports the integration of up to five generation sources. As 

mentioned in previous sections, this study focuses on three primary technologies: photovoltaic, wind, 

and hydrokinetic power. For energy storage, the tool accommodates either pump-as-turbine systems or 

battery storage, aligning with the operational scenarios being evaluated. This modular design enables 
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tailored system configurations while maintaining clarity and control over the modelling process. 

To enhance its capabilities and broaden its application, future development of HOPS will involve 

transitioning from Excel to a more advanced programming environment, such as Python. This evolution 

will not only support the integration of additional storage technologies and more complex system 

architectures but will also enable the implementation of advanced analytical features. By strengthening 

both functionality and scalability, HOPS is positioned to become a versatile decision-support tool for 

sustainable energy planning across a wide range of contexts. 

 

Figure 3.13. Logo for the Hybrid Operational System. 

The underlying logic of the tool is based on the establishment of initial energy balances, which enable 

the identification of energy surpluses and deficits at any given moment. From this foundation and 

depending on the available energy resources and storage technologies, the system allows for the 

simulation of multiple scenarios, whether operating a single module or several in parallel. After 

evaluating the various configurations supported by the interface, the optimal operational strategy for the 

module is determined to ensure economic feasibility. In cases where viability cannot be achieved 

directly, the tool calculates an appropriate energy multiplier ratio to support long-term investment 

recovery. Figure 3.14 illustrates the interface logic, from the input of initial data to the generation of final 

results. 

 

Figure 3.14. HOPS software logic flow diagram. 

3.4.2 Utilization methodology based on key parameters 

With a clear understanding of the operating logic behind HOPS, it is essential to explore in greater detail 

the key components that constitute the tool. This includes a thorough analysis of its inputs, the system’s 

cost breakdown, and the outputs it produces. Given their complexity and centrality, all the scenarios will 

be addressed individually and comprehensively in future sections.  
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3.4.2.1 Inputs 

In any management or computational tool, the quality of the initial inputs is paramount, as they directly 

influence the accuracy and reliability of the resulting outputs. This principle is particularly relevant in the 

realm of energy management software, which generally falls into two categories: those that simulate or 

calculate on-site energy generation in real time, and those that depend on pre-processed generation 

data, input via a database and typically spanning a defined temporal range. 

In this initial version of HOPS, pre-calculated input data has been deliberately chosen to accelerate 

scenario simulations and conserve computational resources that would otherwise be required for real-

time generation modelling from various renewable sources. As a result, Section 3.1 of this document 

offers a more detailed characterization of generation levels, incorporating advanced methodologies that 

represent a significant refinement over those used in the preliminary design phase. The data has been 

annualized and structured with hourly granularity to ensure both accuracy and usability in subsequent 

analyses. 

As previously noted, HOPS has been developed to streamline data processing and facilitate swift, 

accurate decision-making. To support this objective, the number of required inputs for simulations has 

been strategically limited to three core categories: energy demand, energy generation, and tariff pricing. 

The interface also incorporates a navigation bar that allows users to easily access different scenarios 

and sections, an element present across all Excel tabs for intuitive use. Figure 3.15 provides an overview 

of the interface, highlighting the section dedicated to data entry for subsequent processing. 

 

Figure 3.15. Input data entry screen in HOPS. 

HOPS currently supports the entry of up to twenty-three demand points, from which users must identify 

those that could be served by one or more hybrid modules. The criteria for selecting these demand 

points is thoroughly explained and developed in Section 3.2. From the total of twenty-three consumption 

points, up to three profiles can be analyzed simultaneously. These profiles can either be grouped 

together and assigned to a single hybrid module or allocated across three separate modules in parallel 

configurations. To streamline the process and minimize the need to navigate back to the inputs tab, 

drop-down menus are available, allowing for efficient selection of the desired profiles, as demonstrated 

in Figure 3.16. 
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Figure 3.16. HOPS interface for demand profiles selection. 

Furthermore, a dedicated tab is included to graphically display the profiles, allowing users to assess 

their behaviour, identify usage patterns, and, at an early stage, pinpoint periods during the year when 

the hybrid module may experience higher demand or when a greater portion of the system's storage 

capacity might be needed. In addition to the visual representation, the tool provides monthly and annual 

values for each profile, as well as the percentage contribution of each demand relative to the total 

consumption of the three selected profiles. 

 

Figure 3.17. HOPS interface for demand profiles visualization. 

As with the selected consumption points, the generation units offer a graphical representation of their 

profiles and the corresponding impact on the total system. The key difference is that, since a maximum 

of five energy production systems can be entered, there is no need for users to individually select each 

technology. Instead, all available generation sources are displayed within the interface. If fewer than five 

sources are utilized, any unfilled columns are automatically interpreted as representing zero production, 

maintaining the system's flexibility. 

Regarding the selection of the tariff model, it is currently aligned with the structure established in Spain, 

requiring the input of period-specific electricity prices based on utility bills for each infrastructure. In 

scenarios where multiple consumption points are associated with different electricity providers, resulting 

in varying rates, either an average tariff must be calculated, or separate simulations should be conducted 

for each infrastructure. These values are critical, as they significantly influence the economic outputs of 

the analysis; therefore, their accurate definition is essential to properly assess the overall viability of the 

system's implementation. The tariff prices have been defined in Section 3.3 of this document. 
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3.4.2.2 System’s cost breakdown 

After defining the inputs, along with their methods of entry, visualization, and interpretation, it becomes 

essential to focus on one of the key functionalities within HOPS: the ability to conduct a thorough 

economic breakdown of the hybrid module, providing a precise assessment of the system's actual cost. 

This breakdown is systematically organized into categories based on the various components, including 

generation units, energy storage systems, and auxiliary systems like the container structure, ensuring a 

detailed and transparent cost analysis. 

The main objective of this section is to enable the user to define the cost of the hybrid module with the 

utmost accuracy, a critical factor in assessing the system's financial feasibility. The closer the estimated 

cost is to the actual value, the more reliable the calculation of return on investment periods will be. While 

this section is not formally categorized as an input, it essentially functions as one, as it contributes to 

the initial data necessary for deriving key final results. The reason for entering this data separately is to 

maintain a clean, user-friendly interface. Moreover, although this value is not directly involved in the 

energy scenario functionality, it represents an economic figure that must be recovered over the system’s 

lifetime and, while important, does not influence the analysis of the system's energy operation. 

The cost breakdown is not merely intended to establish the final cost of the module, but also to define 

the system’s key characteristics through concise descriptions of each component, specifying their 

quantities and unit prices. Two dedicated cost breakdown sheets have been included, outlining the 

module pricing under two storage configurations: one utilizing the PAT system and the other employing 

an alternative battery-based storage solution. 

 

Figure 3.18. Detailed cost entry interface for the hybrid module components. 

3.4.2.3 Outputs  

After entering all the required parameters, the data must be validated and used to simulate a range of 

scenarios. Once the simulations are complete, it is crucial to synthesise the key outcomes from two 



 

34 

perspectives: energy performance and economic impact. To ensure the results are easily interpretable, 

they should be presented as clearly and graphically as possible. Considering that the analysis spans an 

entire year of hybrid module operation, the visualisation should not be confined to a single, static annual 

overview. Instead, it should allow for seamless, intuitive navigation across the full time period, enabling 

a detailed and dynamic exploration of the system’s behaviour. 

Regarding energy performance, a key initial metric to present, offering a first indication of the system’s 

effectiveness, is the percentage or total amount of energy delivered exclusively by the generating units, 

without the contribution of any storage systems.  

Once this initial ratio is determined, the analysis proceeds to evaluate the impact of the energy strategy 

when combined with the designed storage system. This evaluation quantifies the additional coverage 

achieved through storage and identifies the residual energy that must be imported from the grid when 

the hybrid module alone is insufficient to meet demand. Equally important as understanding the energy 

shortfall is assessing potential energy surpluses and defining an appropriate management strategy. The 

method chosen, whether injecting surplus energy into the grid or reallocating it to other infrastructures, 

will have a significant influence on both the financial performance and the overall sustainability of the 

system. 

Figure 3.19 presents the visualisation of outputs generated by HOPS, offering users the ability to define 

the analysis period by selecting the start and end dates and times through dedicated input fields. 

Additionally, users can choose specific components of the hybrid module for display, facilitating a more 

focused review, particularly useful for detecting and diagnosing anomalies or inconsistencies identified 

at specific times of the year. Key metrics such as hours of energy coverage, the energy imports profile, 

and overall energy coverage are also available for display, further enhancing the dashboard’s 

readability. 

 

 

Figure 3.19. Energy results visualization screen. 
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In the same way that the detailed analysis of the hybrid module’s energy performance is a defining 

feature of the tool, providing a comprehensive assessment of its economic viability is equally critical. To 

address this, a dedicated dashboard has been developed, displaying the projected economic recovery 

over a 25-year horizon, along with key financial indicators such as NPV, IRR, and payback period. These 

metrics are calculated based on annual energy revenues or savings, adjusted according to a discount 

rate that users can customise to suit the specific financial assumptions of their project. This section also 

incorporates the impact of the hybrid module’s capital cost, which represents the principal investment 

to be recouped. Figure 3.20 provides an example of how the tool presents the financial performance 

results. The results shown in the previous figures are not representative; they are provided solely as an 

example to illustrate the appearance and capabilities of the tool. 

 

 

Figure 3.20. Hybrid module economic results interface.
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Chapter 4 

Single Module Deployment – 

Case Study 

4 Single Module Deployment – Case Study 

In this chapter, two distinct scenarios are presented to analyse the performance of a single hybrid 

module: one utilizing a pump-as-turbine system as the energy storage technology, and the other 

replacing it with a battery storage system. Each scenario outlines the key equations governing system 

operation, as well as the optimization strategy employed to maximize overall efficiency. Finally, the 

resulting outcomes are presented, highlighting which of the two scenarios offers more favourable results 

from both an energy and economic perspective. 
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4.1 Scope and objectives of the simulated scenarios 

Following the description of the methodology used to define the key input parameters and the 

development of the simulation tool, the analysis focuses on evaluating the performance of the hybrid 

module through two case studies: standalone operation and parallel deployment. The first case study 

investigates the optimal utilisation of resources when the hybrid module operates independently. 

Various energy storage configurations are assessed, beginning with a pump-as-turbine system and 

subsequently incorporating battery storage. This analysis aims to determine the most effective 

configuration to enhance overall system performance, identify the setup that offers the greatest 

contribution to project feasibility, and define the most optimised version of the hybrid module. 

4.2 Scenario 1: single hybrid module with PAT system 

4.2.1 Hybrid module operational strategy and energy management 

Scenario 1 is developed based on the initial system configuration, which integrates a PAT setup as the 

designated energy storage solution. As previously described, the analytical framework for all scenarios 

is structured around an energy balance between the renewable energy generated by the hybrid module 

and the hourly demand of the selected consumption points. This initial balance enables the identification 

of the system’s energy coverage potential in the absence of storage systems and without the application 

of energy management strategies. The assessment follows the formulation defined by Equation (4.1), 

offering a baseline characterisation of energy surpluses and deficits across the system. 

                                               𝐸𝑁𝐸𝑇,𝑡 = (𝐸𝑃𝑉,𝑡 + 𝐸𝑊𝐼𝑁𝐷,𝑡 + 𝐸𝐻𝑌𝐷𝑅𝑂,𝑡) − 𝐸𝐿𝑂𝐴𝐷,𝑡                                  (4.1) 

𝐸𝑁𝐸𝑇,𝑡 corresponds to the net energy balance in (kWh) for a specific time period, 𝐸𝑃𝑉,𝑡, 𝐸𝑊𝐼𝑁𝐷,𝑡 and 

𝐸𝐻𝑌𝐷𝑅𝑂,𝑡 show the energy production for PV, wind and hydrokinetic sources in (kWh), and 𝐸𝐿𝑂𝐴𝐷,𝑡 

corresponds to the demand also in (kWh). This preliminary energy balance is a key step, as it will help 

to inform the subsequent sizing of the storage system by identifying the magnitude and timing of surplus 

energy remaining after the net difference between generation and demand is established. For the 

system to operate efficiently, it is necessary to define a prioritisation strategy that ensures surplus energy 

is allocated in a structured and optimised manner, aligned with the specific requirements of each 

scenario. At this stage, two critical components are introduced: the storage systems and the potential 

contribution of the electrical grid. The grid functions as a secondary source, supplying energy during 

periods when neither the renewable generation nor the PAT system can fully meet the demand. 

The use of pumped storage as an energy buffering solution requires careful consideration of the 

conversion between electrical energy and hydraulic volume. In this approach, excess electricity is used 

to elevate water into a storage tank, effectively storing energy as gravitational potential. However, this 

process entails the physical movement of water through a hydraulic circuit, comprising pumps, pipelines, 

and valves, during both charging and discharging phases. Due to the mechanical nature of the system, 
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it is subject to various inefficiencies, including frictional losses, pressure drops, and conversion losses. 

As a result, only a portion of the surplus energy can be effectively stored and later recovered. 

In this context, system efficiency plays a critical role, as higher efficiency enables a greater proportion 

of surplus energy to be stored and used. This consideration is essential for effective system operation 

and energy management. Since energy surpluses, 𝐸𝑆𝑢𝑟,𝑡, are expressed in kWh, the hybrid module’s 

simulation and control model must be capable of translating these values into corresponding volumes 

of water. To facilitate this, the use of Equation (4.2) is proposed, which establishes a relationship 

between the energy and key physical parameters such as water volume, 𝑉 in (m3), fluid density, 𝜌 in 

(kg/m3), gravitational acceleration, 𝑔 in (m/s2), and head height, 𝐻 in (m). This equation is a fundamental 

component in the design and analysis of pumping systems and has been widely adopted in previous 

studies [30] [31]. 

                                                          𝐸𝑆𝑢𝑟,𝑡 = 𝜂𝑃𝐴𝑇 · 𝜌 · 𝑔 · 𝑉 · 𝐻                                                    (4.2) 

To maintain consistency across the model and ensure clarity in result interpretation, energy values are 

standardised in kWh. Since Equation (4.2) expresses energy in joules, a unit conversion is necessary 

to align with this convention. By rearranging the equation to isolate the water volume, a revised 

formulation is obtained that incorporates the appropriate conversion factor, allowing for accurate 

translation of energy surpluses or deficits into hydraulic volumes while preserving unit coherence 

throughout the system, including the PAT system efficiency, 𝜂𝑃𝐴𝑇,  in the calculation process. 

                                                           𝑉 =
𝐸𝑆𝑢𝑟,𝑡·3.6·10

6

𝜂𝑃𝐴𝑇·𝜌·𝑔·𝐻
                                                          (4.3) 

Prior to defining the operational methodology of the hybrid module for this scenario, it is essential to 

establish a set of initial conditions that will serve as the reference point for all subsequent time steps 

within the analysis period. For the purposes of this study, the system is assumed to commence operation 

with the storage tank at 50% of its total capacity, irrespective of its final sizing. Moreover, a minimum 

operational threshold is imposed, whereby the tank must always retain at least 5% of its volume. This 

constraint is intended to safeguard system components, extend their operational lifespan, and protect 

the system from hydrodynamic phenomena like cavitation. The available hydraulic head is also 

predefined, set at 5 metres for this scenario. It is important to emphasise that these parameters can be 

manually adjusted within the software, allowing users to tailor the model to the specific characteristics 

and constraints of their system. The values presented here represent the configuration adopted for the 

present case study. 

In light of the aforementioned conditions, energy management in this scenario is divided into four distinct 

phases: (1) tank charging, (2) energy demand and discharge from the tank, (3) evaluation of the 

achieved energy coverage, and (4) determination of the final storage state or remaining volume. 

4.2.1.1 Tank charging 

Determining when the storage tank can be charged begins with referencing the initial energy balance 

defined in Equation (4.1). This balance serves as the key indicator of whether surplus energy is available 
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for storage or if a deficit must be covered using the tank’s reserves. Within the simulation and 

optimisation framework, system operation adheres to a core principle: surplus energy shall not be 

exported unless the storage tank has reached its maximum capacity. This approach reflects the 

system’s overarching objective of maximising energy self-sufficiency and minimising reliance on 

external sources. 

To enable the management model to determine tank charging and surplus energy allocation, a set of 

governing equations has been defined. These ensure proper operation of the hybrid module according 

to the available energy at each time step. The formulation differs between the initial hour, which relies 

on predefined conditions, and subsequent hours, which depend on the preceding system state. Since 

charging must be interpreted in both energy and volume terms, the conversion in Equation (4.3) is 

applied. 

                𝑉𝑓𝑖𝑙𝑙,0 = {
|
𝐸𝑁𝐸𝑇,0·3,600,000

𝜌·𝑔·𝐻
| ,  𝑖𝑓 𝐸𝑁𝐸𝑇,0 > 0 𝑎𝑛𝑑 |

𝐸𝑁𝐸𝑇,0·3,600,000

𝜌·𝑔·𝐻
+ 𝑉𝑚𝑎𝑥 ·

𝑉50%

100
| < 𝑉𝑚𝑎𝑥

 0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
            (4.4) 

𝑉𝑓𝑖𝑙𝑙,0 denotes the water volume allocated to the tank in the initial time step (m3), 𝑉𝑚𝑎𝑥 the maximum tank 

capacity (m3), 𝑉50% refers to the 50% of tank capacity (m3) and 𝐸𝑁𝐸𝑇,0 corresponds to the net energy 

balance at the initial time step (kWh). Equation (4.4) specifies that when the initial energy balance is 

positive and the combined volume of the storable surplus and the initial tank level remains within the 

tank’s maximum capacity, the full surplus volume is stored. If either condition is not met, no energy is 

allocated to the tank, and storage remains unchanged. 

For all subsequent time steps, the same logic applies but is adapted to the system’s evolving state. Tank 

charging depends on the residual volume from the previous hour, and the surplus energy generated in 

the current hour. However, full utilisation is possible only when the surplus does not exceed the 

remaining capacity; otherwise, only the storable portion is used, with any excess managed according to 

the predefined strategy. This charging logic for successive hours is formalised in Equation (4.5). 

               𝑉𝑓𝑖𝑙𝑙,𝑡 =

{
 
 

 
 |

𝐸𝑁𝐸𝑇,𝑡·3,600,000

𝜌·𝑔·𝐻
| ,  𝑖𝑓 𝐸𝑁𝐸𝑇,𝑡 > 0 𝑎𝑛𝑑 |

𝐸𝑁𝐸𝑇,𝑡·3,600,000

𝜌·𝑔·𝐻
| + 𝑉𝑟𝑒𝑚,𝑡−1 < 𝑉𝑚𝑎𝑥

𝑉𝑚𝑎𝑥 − 𝑉𝑟𝑒𝑚,𝑡−1 , 𝑖𝑓 𝐸𝑁𝐸𝑇,𝑡 > 0 𝑎𝑛𝑑 |
𝐸𝑁𝐸𝑇,𝑡·3,600,000

𝜌·𝑔·𝐻
| + 𝑉𝑟𝑒𝑚,𝑡−1 > 𝑉𝑚𝑎𝑥  

0, 𝑖𝑓 𝐸𝑁𝐸𝑇,𝑡 ≤ 0

                  (4.5) 

In this equation, 𝑉𝑓𝑖𝑙𝑙,𝑡 corresponds to the volume of water assigned to fill the tank at a specific time step 

(m3), 𝐸𝑁𝐸𝑇,𝑡 refers to the net energy balance at that specific time step (kWh) and 𝑉𝑟𝑒𝑚,𝑡−1 indicates the 

remaining volume in the tank from the previous time step (m3). All other variables retain the definitions 

provided in the preceding equations. 

4.2.1.2 Energy demand and discharge from the tank 

While tank loading serves as a cornerstone in defining the energy model, robust deficit management is 

equally essential to ensure reliable operation of the hybrid system. In periods of insufficient renewable 

generation, the PAT system must be leveraged to deliver the maximum feasible energy output, all while 

preserving the technical integrity and economic viability of the overall configuration. 
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Before assessing the extent to which the storage system can compensate for the energy deficit, it is 

crucial to first evaluate the actual volume demand, factoring in the inherent inefficiencies of the system. 

As previously discussed, various loss factors within the PAT system can significantly impact 

performance. These must be thoroughly accounted for to ensure the accuracy of all estimations and to 

prevent operational misjudgements that could compromise the reliability of the results.  

To accurately reflect system inefficiencies, the efficiency parameter is incorporated into the calculation 

of the water volume required to cover the energy deficit for a given hour. For instance, if the system 

operates at 60% efficiency, a proportionally higher volume of water must be discharged from the tank 

to deliver the required energy output. This efficiency factor, along with other critical parameters such as 

hydraulic head, is fully configurable by the user, ensuring adaptability to a wide range of system 

specifications. The quantitative relationship between water volume required, 𝑉𝑛𝑒𝑒𝑑,𝑡 (m
3),  and net energy 

is formalised through Equation (4.6). 

                                              𝑉𝑛𝑒𝑒𝑑,𝑡 = {
|
𝐸𝑁𝐸𝑇,𝑡·3,600,000

𝜂𝑃𝐴𝑇·𝜌·𝑔·𝐻
| , 𝐸𝑁𝐸𝑇,𝑡 < 0

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
                                           (4.6) 

Once the water volume necessary to cover the rest of the demand is defined, the discharge volume, 

𝑉𝑑𝑖𝑠𝑐ℎ,0 (m
3), for the initial time step and, 𝑉𝑑𝑖𝑠𝑐ℎ,𝑡 (m3), for subsequent ones, must be determined to 

generate energy through the turbine. This discharge depends on the storage level at each step and 

must respect the user-defined minimum threshold, 𝑉5% (m3). The conversion from energy deficit to water 

volume remains constant, as it is independent of the tank’s state. Moreover, discharge behaviour differs 

between the first hour and later steps: the initial condition follows user-defined parameters, Equation 

(4.7), while subsequent discharges depend on the storage level from the preceding hour, Equation (4.8). 

𝑉𝑑𝑖𝑠𝑐ℎ,0 = {
𝑉𝑛𝑒𝑒𝑑,0                                        ,        𝑖𝑓 𝑉𝑚𝑎𝑥 · (

𝑉50%

100
) ≥ 𝑉𝑛𝑒𝑒𝑑,0 𝑎𝑛𝑑 𝑉𝑚𝑎𝑥 · (

𝑉50%

100
) − 𝑉𝑛𝑒𝑒𝑑,0 > 𝑉𝑚𝑎𝑥 · (

𝑉5%

100
)

𝑉𝑚𝑎𝑥 · (
𝑉50%

100
) − 𝑉𝑚𝑎𝑥 · (

𝑉5%

100
) ,       𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

    (4.7)   

𝑉𝑑𝑖𝑠𝑐ℎ,𝑡 =

{
 
 

 
 0                                                      , 𝑖𝑓 𝑉𝑟𝑒𝑚,𝑡−1 = 𝑉𝑚𝑎𝑥 · (

𝑉5%

100
)  𝑜𝑟 𝐸𝑁𝐸𝑇,𝑡 ≤ 0

𝑉𝑛𝑒𝑒𝑑,𝑡                                            , 𝑖𝑓 𝑉𝑟𝑒𝑚,𝑡−1 − 𝑉𝑚𝑎𝑥 · (
𝑉5%

100
) ≥ 𝑉𝑛𝑒𝑒𝑑,𝑡                                                                                                 

𝑉𝑟𝑒𝑚,𝑡−1 − 𝑉𝑚𝑎𝑥 · (
𝑉5%

100
)          , 𝑖𝑓 (𝑉𝑛𝑒𝑒𝑑,𝑡 > 𝑉𝑟𝑒𝑚,𝑡−1 𝑜𝑟 𝑉𝑟𝑒𝑚,𝑡−1 − 𝑉𝑚𝑎𝑥 · (

𝑉5%

100
) < 𝑉𝑛𝑒𝑒𝑑,𝑡) 𝑎𝑛𝑑 𝑉𝑟𝑒𝑚,𝑡−1 ≥ 𝑉𝑚𝑎𝑥 · (

𝑉5%

100
)

  (4.8) 

4.2.1.3 Evaluation of the achieved energy coverage 

Once the tank's charging and discharging dynamics have been defined, the next step is to assess the 

system's energy balance following the operation of the PAT system. This evaluation determines whether 

the energy supplied by the storage system is sufficient to meet the previously identified deficit, or if a 

residual shortfall must be covered by the electricity grid. The analysis involves comparing the estimated 

energy demand with the energy equivalent of the volume discharged from the tank. This is achieved 

through a volume-to-energy conversion, ensuring that the discharged volume corresponds accurately 

to the initial deficit. The process is formally controlled by Equation (4.9), defining the energy in terms of 

volume, 𝑉𝑐𝑜𝑣,𝑡 (m
3), that cannot be covered through the storage system.  
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                                                𝑉𝑐𝑜𝑣,𝑡 = {
𝑉𝑛𝑒𝑒𝑑,𝑡 − 𝑉𝑑𝑖𝑠𝑐ℎ,𝑡 , 𝑖𝑓 𝑉𝑛𝑒𝑒𝑑,𝑡 > 𝑉𝑑𝑖𝑠𝑐ℎ,𝑡

0, 𝑖𝑓 𝑉𝑛𝑒𝑒𝑑,𝑡 ≤ 𝑉𝑑𝑖𝑠𝑐ℎ,𝑡
                                      (4.9) 

4.2.1.4 Determination of the final storage state 

Ultimately, defining the final state of the tank after the charging and discharging processes is critical, as 

each time step is intrinsically linked to the previous one and the available storage at the end of a given 

hour, 𝑉𝑟𝑒𝑚,0 (m
3) for the initial time step, and 𝑉𝑟𝑒𝑚,𝑡 (m

3) for the following ones, determines the operational 

flexibility for the next. Although the model's logic has been presented in a structured sequence, with the 

final volume determination appearing as the last phase, it is important to recognize that the system 

functions through continuous, bidirectional interactions. Therefore, the sequence serves more as a 

conceptual framework than a rigid procedural order. Among all components of the model, the control of 

the final tank state is the most complex, requiring the greatest number of equations, as it must 

dynamically account for both energy surpluses and deficits across all time steps, as can be seen in 

Equations (4.10) and (4.11). 

         𝑉𝑟𝑒𝑚,0 =

{
 
 
 
 

 
 
 
 

 

𝑉𝑚𝑎𝑥 · (
𝑉50%

100
) + 𝑉𝑓𝑖𝑙𝑙,0                     , 𝑖𝑓 𝑉𝑓𝑖𝑙𝑙,0 > 0

𝑉𝑚𝑎𝑥 · (
𝑉50%

100
) − 𝑉𝑛𝑒𝑒𝑑,0                   , 𝑖𝑓 𝑉𝑚𝑎𝑥 · (

𝑉50%

100
) − 𝑉𝑛𝑒𝑒𝑑,0 ≥ 𝑉𝑚𝑎𝑥 · (

𝑉5%

100
)

𝑉𝑚𝑎𝑥 · (
𝑉5%

100
)                                      , 𝑖𝑓 𝑉𝑚𝑎𝑥 · (

𝑉50%

100
) − 𝑉𝑛𝑒𝑒𝑑,0 < 𝑉𝑚𝑎𝑥 · (

𝑉5%

100
)

𝑉𝑚𝑎𝑥 · (
𝑉50%

100
) + 𝑉𝑓𝑖𝑙𝑙,0 − 𝑉𝑛𝑒𝑒𝑑,0    , 𝑖𝑓 𝑉𝑚𝑎𝑥 · (

𝑉50%

100
) + 𝑉𝑓𝑖𝑙𝑙,0 − 𝑉𝑛𝑒𝑒𝑑,0 < 𝑉𝑚𝑎𝑥

 𝑉𝑚𝑎𝑥                                                       , 𝑖𝑓 𝑉𝑚𝑎𝑥 · (
𝑉50%

100
) + 𝑉𝑓𝑖𝑙𝑙,0 − 𝑉𝑛𝑒𝑒𝑑,0 ≥  𝑉𝑚𝑎𝑥  

          (4.10) 

         𝑉𝑟𝑒𝑚,𝑡 = {

𝑉𝑚𝑎𝑥 · (
𝑉5%

100
)                      , 𝑖𝑓 𝑉𝑟𝑒𝑚,𝑡−1 + 𝑉𝑓𝑖𝑙𝑙,𝑡 − 𝑉𝑛𝑒𝑒𝑑,𝑡 ≤ 𝑉𝑚𝑎𝑥 · (

𝑉5%

100
)

𝑉𝑟𝑒𝑚,𝑡−1 + 𝑉𝑓𝑖𝑙𝑙,𝑡 − 𝑉𝑛𝑒𝑒𝑑,𝑡, 𝑖𝑓 𝑉𝑟𝑒𝑚,𝑡−1 + 𝑉𝑓𝑖𝑙𝑙,𝑡 − 𝑉𝑛𝑒𝑒𝑑,𝑡 < 𝑉𝑚𝑎𝑥
𝑉𝑚𝑎𝑥                           ,        𝑖𝑓  𝑉𝑟𝑒𝑚,𝑡−1 + 𝑉𝑓𝑖𝑙𝑙,𝑡 − 𝑉𝑛𝑒𝑒𝑑,𝑡 ≥ 𝑉𝑚𝑎𝑥

                  (4.11) 

4.2.2 Surplus energy management strategies 

The operation of the hybrid module may encounter periods when demand exceeds system capacity, 

requiring grid support to ensure supply, as well as periods of surplus that surpass the tank’s storage 

capacity. In the latter case, alternative management strategies are needed to maximize system benefits 

beyond cost reduction. Two main approaches are considered: selling the surplus to the grid or 

redistributing it to other buildings in the port complex. This section examines both strategies as a basis 

for identifying the option that best aligns with system objectives and delivers the greatest benefit. 

4.2.2.1 Grid export 

Efficient surplus energy management is critical to optimizing the financial performance of energy projects 

and shortening the return on investment period. A particularly promising strategy involves selling excess 

energy, those amounts not captured by the storage system, to the grid. This enables to create an 

additional revenue stream and enhances overall project profitability. 
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Surplus energy fed into the grid is typically compensated at rates lower than the retail purchase price. 

Therefore, selecting an energy off-taker that offers the most favourable compensation rate is essential 

to maximizing the economic viability of this strategy. In the context of the current case study, the 

assumed sale price is based on the simplified compensation mechanism applicable to grid-connected 

self-consumption photovoltaic systems in Spain. This mechanism generally offers compensation in the 

range of 0.05 €/kWh to 0.10 €/kWh. For modelling purposes, a representative midpoint value of 0.07 

€/kWh has been adopted. 

To clarify the relationships and energy flows between the various agents involved in this scheme, a flow 

diagram has been developed and is presented in Figure 4.1. 

 

Figure 4.1. Directional energy flow for strategic selling of surplus energy using. 

To evaluate the effectiveness of the proposed strategy, a comprehensive economic model has been 

developed. This model quantifies, first, the annual cost savings achieved through reduced electricity 

purchases, based on the tariff structure detailed in the methodology section. Second, it estimates the 

additional revenue generated from the sale of surplus energy to the grid, providing a complete picture 

of the strategy’s financial impact. 

The annual cost savings and revenue from surplus energy sales serve as the primary indicators of the 

strategy’s economic performance, directly influencing the investment’s payback period. In this study, 

financial projections are extended over a 25-year horizon, aligned with the estimated operational lifespan 

of the hybrid module. 

Although savings and income are treated as constant on a yearly basis, their present value must be 

adjusted using a discount rate to accurately reflect long-term evolution. To accommodate varying 

financial scenarios, the model includes a user-defined discount rate, ensuring flexibility not only in 

energy management but also in the economic assessment. 

The economic model, which determines the financial benefits based on the selected strategy, includes 

the calculation of three critical parameters to assess the project's financial viability: NPV, IRR, and 

payback period. These metrics provide a comprehensive evaluation of the project's potential for long-

term success. 
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𝑁𝑃𝑉 in (€), derived from the Equation (4.12), is a crucial indicator for assessing the profitability of an 

investment. It evaluates the expected future cash flows, 𝐶𝑡 in (€),  and discounts them to their present 

value using a specified rate, 𝑟, providing insight into whether the investment will generate a profit or 

incur a loss. 

                                                                     𝑁𝑃𝑉 = ∑
𝐶𝑡

(1+𝑟)𝑡
𝑛
𝑡=0                                                          (4.12) 

Referring to the 𝐼𝑅𝑅, as defined by Equation (4.13), this metric represents the interest rate at which the 

NPV equals zero. In other words, it signifies the rate at which the investment would neither generate a 

profit nor incur a loss, indicating a break-even point. 

                                                                     0 = ∑
𝐶𝑡

(1+𝐼𝑅𝑅)𝑡
𝑛
𝑡=0                                                            (4.13) 

Finally, the discounted payback period shows the time needed to recover the initial investment, 

considering the time value of money. It is determined by identifying the year in which the cumulative 

discounted cash flows exceed the initial investment.  

4.2.2.2 Inter-building energy redistribution 

By analysing the energy purchase prices across different periods and tariff models, as detailed in the 

methodology section, in conjunction with the average energy sale price estimated in Section 4.2.2.1, it 

has been determined that an alternative approach could potentially optimize the benefits from surplus 

energy management. 

Considering the relatively low energy sale price and the structure of tariffs such as 3.0TD, where, during 

certain periods, energy purchase costs can exceed the sale price by up to threefold, an effective strategy 

would be to redirect surplus energy to high-demand areas within the port. This would significantly 

enhance economic savings by maximizing self-consumption where the cost differential is greatest. 

Additionally, this approach would reduce reliance on the external grid, leading to fewer transactions 

between the hybrid module and the network. As a result, it would not only lower emissions but also 

decrease grid demand for both the targeted infrastructures and other buildings subject to the 3.0TD 

tariff, amplifying the overall environmental and economic benefits. 

Taking into account the specific modification of reallocating surplus energy, the remaining calculations 

from the previous strategy will remain unchanged. The same evaluation criteria and performance 

indicators will be applied to assess the viability of this revised approach, once all technical and economic 

parameters of the case study have been defined. Figure 4.2 illustrates the updated flow graphic, 

outlining the operational adjustment incorporated into the strategy. 
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Figure 4.2. Directional energy flow for strategic redistribution under 3.0TD tariff, using PAT system. 

It is important to note that these two surplus management strategies will be applied consistently across 

all scenarios. Therefore, from this point onward, only the economic outcomes resulting from the 

implementation of both strategies will be presented, with an emphasis on identifying the most 

advantageous option in each case. 

4.2.3 Optimization process 

HOPS is designed as a flexible tool for both energy and economic management and analysis, allowing 

users to explore a wide range of variables when evaluating the implementation of the hybrid module. 

This flexibility enables users to tailor the system to specific applications by identifying the most suitable 

configuration. However, this iterative process can often become time-consuming and labour-intensive, 

as relying solely on trial-and-error makes it difficult to determine whether the optimal solution has truly 

been achieved. To address this challenge, the tool incorporates a built-in optimization algorithm that 

systematically identifies the technical configuration that delivers the greatest overall benefit. 

The optimization process is implemented using Microsoft Excel’s integrating the Solver tool, which 

provides a robust framework for analytical decision-making. Solver enables users to define a clear 

objective function, identify the key decision variables subject to adjustment, and impose scenario-

specific constraints that delineate the feasible solution space. This approach ensures that the optimal 

configuration is systematically determined, aligned with the technical and operational requirements of 

each case. 

Economic viability is a fundamental requirement; therefore, HOPS is designed to maximize net return 

over a 25-year period, consistent with the expected operational lifespan before component replacement 

or decommissioning. As outlined earlier, the model incorporates a section to define total capital cost, 

which serves as the benchmark for investment recovery. In the present case, this cost cannot exceed 

25,000 €, the maximum budget available for system development. This financial limit constitutes the first 

constraint, directly shaping the number and capacity of components that can be installed. 

Nevertheless, the existence of a maximum budget does not guarantee that the entire amount can be 
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allocated in every scenario, as additional constraints may limit investment potential. A key limiting factor 

is the availability of usable space, which varies depending on the characteristics of each project. In some 

cases, ample space allows for full utilization of the allocated budget without restriction. In other 

situations, spatial limitations become a decisive factor, constraining the scale of the installation and, 

consequently, the extent of the financial investment. 

While these two factors primarily define the optimization boundaries, they are not the only ones. By 

analysing the individual costs of each installed technology, an economic ratio expressed in euros per 

kilowatt-hour (€/kWh) has been derived. Equation (4.14) exemplifies how this ratio has been calculated 

for the solar photovoltaic section, 𝑃𝑉𝑟𝑎𝑡𝑖𝑜, where 𝐶𝑜𝑠𝑡𝑃𝑉 refers to the cost of installation in (€), 𝐺𝑒𝑛𝑃𝑉 toto 

the energy generated through the PV system (kWh), and 𝑌𝑒𝑎𝑟𝑠 to the applicable time period. 

                                                                 𝑃𝑉𝑟𝑎𝑡𝑖𝑜 =
𝐶𝑜𝑠𝑡𝑃𝑉

𝐺𝑒𝑛𝑃𝑉·𝑌𝑒𝑎𝑟𝑠
                                                    (4.14) 

The objective of defining this ratio is to identify the most cost-effective generation-to-investment ratio for 

each technology. Based on this, the system assigns a multiplier to each technology, determining the 

optimal allocation of each energy source to maximize returns, while ensuring adherence to both 

economic and spatial constraints. These multipliers are dynamic parameters within the optimization 

algorithm, continually adjusted in accordance with the established limits. The application of these 

multipliers directly influences the initial economic structure, as the cost of each component within the 

hybrid system is recalibrated individually, in line with these multipliers. 

Up to this point, the constraints addressed have primarily related to external or economic-based 

limitations rather than the functional performance of the hybrid module. A central objective of the system, 

however, is to significantly reduce dependence on the electrical grid. To support this aim, the module 

must be capable of covering at least 70% of total energy demand within the scenario, either through 

direct renewable generation or via stored energy. 

Given that the optimization algorithm is structured to prioritize long-term economic return, it is essential 

to define minimum contribution thresholds for both generation and storage, for example, 60% from 

renewable sources and 10% from the storage system. These parameters are crucial: without them, the 

algorithm would naturally select only the lowest-cost generation option, typically excluding storage due 

to its higher unit cost. This would result in considerable daytime energy surplus that cannot be utilized 

at night, thereby increasing grid reliance and underutilizing the storage system. Consequently, storage 

would have minimal impact on the system's performance, limiting any meaningful evaluation of its value, 

an outcome that would undermine the purpose of the hybrid design at this stage. 

Another adjustable parameter, tailored to align with the defined constraints, is the storage tank capacity. 

Its volume is calibrated to fulfill the minimum contribution percentage specified in the system 

requirements. For a clear understanding, Figure 4.3 presents a comprehensive breakdown of the core 

parameters identified as key drivers in the scenario optimization process. 
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Figure 4.3. Main parameters and structural overview of the optimization system. 

4.2.4 Scenario 1: Results and discussion  

With the operational framework of the model for Scenario 1 fully defined, the resulting performance 

outcomes are now presented. To highlight the effectiveness of the system's optimization process and 

the influence of surplus management strategy selection, the analysis begins with an assessment of the 

hybrid module in its initial, non-optimized configuration. This baseline is then compared to the optimized 

solution identified by the tool as the most efficient and cost-effective option. 

4.2.4.1 Baseline results  

Establishing a reliable baseline performance is a critical step in evaluating the effectiveness of any 

subsequent enhancements to a technological system. In this section, the baseline scenario has been 

defined by setting all energy multipliers across the various generation sources to one. This configuration 

ensures that the system's energy performance is assessed in its original, unaltered state, providing a 

consistent reference point for future comparative analyses. 

Since the optimal storage tank capacity for maximizing both energy coverage and economic return has 

not yet been established, a preliminary volume of 10 m³ was selected for this initial assessment. Under 

these baseline conditions, the hybrid module demonstrates encouraging performance: in the absence 

of storage, demand coverage reaches 56.42% (792.73 kWh), whereas total system generation amounts 

to 3,340.42 kWh, leaving 76.27% unallocated. Consequently, a significant portion of generated energy 

is not immediately used, highlighting the potential benefits of integrating storage solutions. 

Subsequently, the introduction of the PAT system produces a moderate increase in demand coverage, 

improving it by 1.77% (24.88 kWh). Nevertheless, accounting for system inefficiencies reduces the 

theoretical improvement of 40.17 kWh by 15.29 kWh, underscoring the importance of considering 

energy losses when evaluating storage performance. Overall, the total cost of the hybrid module under 

these preliminary conditions is 11,922.24 €, providing a reference point for subsequent optimization of 

tank capacity and system configuration. 

Max. Cost 
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Table 4.1. Preliminary parameters and results of the hybrid module.  

Tank Capacity Module Cost Coverage Renewable Coverage PAT Total Generation 
Capacity 

10 m3 11,922.24 € 56.42% (792.73 kWh) 1.77% (24.88 kWh) 3,340.42 kWh 

To provide a comprehensive evaluation of the hybrid system’s performance under varying operational 

conditions, two one-week periods have been selected to represent distinct seasonal contexts, referring 

to winter and summer. This approach enables the assessment of the storage technology’s contribution 

to overall system efficiency, while also examining the module’s adaptability to seasonal variations in 

energy demand profiles. 

Figure 4.4 illustrates the operation of the hybrid energy system over a representative week in January, 

showing the contribution of each technology relative to real-time demand. As typical for winter months, 

photovoltaic output is substantially reduced due to lower solar irradiance, shifting the system’s reliance 

toward wind energy, which provides the majority of renewable surplus during this period. However, the 

intermittent nature of wind introduces variability, and during low-generation intervals, the electrical grid 

must supply additional energy to consistently meet demand. These results highlight the seasonal 

interplay between renewable sources and the grid, emphasizing the value of diversified generation and 

robust grid interaction for reliable hybrid system operation. Notably, exports are minimal during this 

period, indicating that most generation is directed toward self-consumption. 

Regarding storage operation, Figure 4.4 shows that tank volume remains at or near its minimum for a 

substantial portion of the week, reflecting prolonged periods when renewable generation is insufficient 

and frequent discharge is required to cover deficits. Nonetheless, the rapid depletion of stored energy 

suggests that the current tank capacity may be undersized relative to operational needs. Conversely, 

during periods of surplus generation, the system demonstrates an effective charging response, 

capturing excess energy in alignment with peak production intervals. Overall, while the control strategy 

functions as intended, increasing storage capacity could significantly enhance the effectiveness of the 

system. 

 

Figure 4.4. Hybrid module performance over a representative winter week (baseline configuration). 
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The second period analysed, corresponding to the summer season, demonstrates a markedly different 

operational profile compared to winter. The most notable distinction lies in the demand pattern. As 

illustrated in Figure 4.4, winter demand remains relatively stable throughout the day and night, showing 

minimal variation. In contrast, summer demand exhibits pronounced fluctuations between daytime and 

nighttime hours, with a significant share of consumption occurring at night, precisely when photovoltaic 

generation is unavailable. This shift significantly increases the system's reliance on energy storage, 

which becomes essential for maintaining supply during periods of low or zero solar production. In this 

context, the storage unit plays a vital role in meeting nighttime demand and ensuring overall system 

balance. 

The combination of low daytime demand and high solar generation, coupled with a relatively limited 

storage capacity, elevates the significance of the selected surplus management strategy, particularly 

during the summer months, as reflected in the number of exports observed in Figure 4.5. Under these 

conditions, the strategy assumes a pivotal role in maintaining operational efficiency. The storage unit’s 

charge and discharge cycles respond effectively to the dynamic interplay between generation and 

consumption. The abundance of daytime generation enables frequent charging, thereby reducing the 

duration during which the storage remains at minimum levels. However, the limited capacity of the tank 

imposes a constraint: deep discharges remain inevitable, underscoring the need for either increased 

storage capacity or complementary strategies to enhance energy availability during periods of low 

generation. 

 

Figure 4.5. Hybrid module performance over a representative summer week (baseline configuration). 

As illustrated in Figure 4.4 and Figure 4.5, the system’s limited storage capacity results in the tank 

reaching its maximum discharge with minimal demand, underscoring the critical importance of a robust 

grid interconnection. Throughout much of the year, grid support remains essential to ensure 

uninterrupted supply. Under the current configuration, the hybrid module provides an estimated 

coverage of 58.19%, equivalent to approximately 5,241 hours of annual autonomy. While reliance on 

the grid has been substantially reduced, an annual import of 587.27 kWh is still required to fully meet 

the energy demands of the selected infrastructures. Figure 4.6. presents a comparative analysis of grid 

imports before and after the integration of the hybrid module, highlighting the effects of this initial 

implementation. 
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Figure 4.6. Imports comparison before and after the application of the hybrid module.  

At this stage, an important question arises: why, despite the system’s generation potential, has coverage 

of the selected demand profiles not exceeded 60%? The explanation lies in the characteristics of the 

energy mix and the system’s restricted storage capacity. Generation relies on variable, intermittent 

sources with limited flexibility, while the minimal ability to store surplus energy requires immediate 

consumption. Whenever demand does not coincide with generation, excess electricity cannot be 

retained and must instead be redirected for alternative uses. In this context, the surplus management 

strategies discussed earlier become essential to enhance the system’s overall economic performance. 

From a financial perspective, the integration of the hybrid module achieves an annual direct reduction 

of 89.12 € in electricity costs, equivalent to approximately 59% savings under the 2.0 TD tariff. This 

reduction is consistent across both energy management strategies, serving as a baseline from which to 

assess the relative advantages of each surplus utilization approach: selling excess electricity to the grid 

or redirecting it to other facilities. 

Selling surplus energy, at the previously defined tariff rates, generates an additional annual income of 

175.44 €. When combined with the fixed savings, this results in a total yearly benefit of 264.56 €. 

However, extending this projection over a 25-year horizon and applying the appropriate discount rate 

reveals a notably low NPV, indicating that the long-term economic viability of this option remains limited. 

 

Figure 4.7. Economic evolution under the surplus energy selling strategy (baseline). 
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As shown in Figure 4.7, the current configuration of the hybrid module fails to recover the initial 

investment, resulting in a projected economic deficit of -8,839.17 € at the end of the evaluation period. 

To address this shortfall, additional modifications to the module will be required to develop a more 

optimized and financially viable solution. Given the negative financial outcomes, there is no payback 

period, and the internal rate of return also fails to be positive. 

Upon evaluating the results of the second energy strategy, which involves redirecting energy to buildings 

with a 3.0 TD tariff, a notable increase in annual benefits is observed. The additional income generated 

nearly doubles that of the income from selling energy to the grid, rising from 175.44 € to 341.42 €. This 

results in a total benefit of 430.54 €, reflecting a 62.74% increase compared to the previously assessed 

strategy. 

 

Figure 4.8. Economic evolution under the energy redirection strategy (baseline). 

Despite the improved results, Figure 4.8. illustrates that these are insufficient to make the scenario 

economically viable, resulting in an economic deficit of -6,904.86 € and an internal rate of return of -

0.77%. Given the current number of generating units and the initial investment, it is evident that there 

remains significant potential for further investment and optimization. The system currently occupies only 

28.20 m² of the available 100 m² surface area, leaving ample space for expansion. Consequently, there 

is considerable scope for resource optimization. A strategic combination of increased generation 

capacity and a larger storage system is expected to yield more favourable and economically viable 

results in the long term. 

4.2.4.2 Optimized results  

Following the presentation of the results defining the economic and energy performance of the baseline 

scenario, the previously described optimization algorithm has been applied to identify the configuration 

that delivers the most optimal outcomes. 

To achieve the optimized configuration, the model determined the optimal energy multipliers for each 

technology, based on the constraints detailed in Section 4.2.3. Among the energy sources available in 

the hybrid module, solar power stands out with the most competitive €/kWh ratio, followed by wind 

energy. Moreover, photovoltaic systems require the least land area per unit of assigned energy multiplier 

among land-based technologies. These advantages clearly steer the optimization process toward 

maximizing the share of solar energy in the system, while maintaining the current number of wind, hydro, 
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and PAT units. It is important to emphasize that this result is specific to the present case study and 

should not be interpreted as a universally optimal distribution, as different contexts may yield different 

configurations. 

The optimization tool was configured to operate at the upper limits of both investment and land-use 

constraints to maximize potential energy surplus and economic profitability. To approach the target of 

70% total energy coverage, the configuration proposed that at least 10% of coverage should be supplied 

by storage, while maintaining a minimum of 60% coverage from the hybrid module itself. This setup 

aimed to reduce reliance on the external power grid. 

The analysis conducted using the HOPS framework identified the most viable solution as applying an 

energy multiplier of 19 to the photovoltaic unit, thereby increasing the number of installed panels from 2 

to 38. Regarding the storage system, the maximum achievable coverage was 7%, below the 10% target, 

corresponding to a tank capacity of 43.36 m³. The spatial constraint was respected, with the total module 

area reaching 91.5 m² within the available 100 m². Similarly, the investment required for the implemented 

modifications amounted to 24,521.54 €, remaining within the allocated budget of 25,000 €. 

The implementation of these modifications resulted in a substantial improvement in energy generation 

compared to the baseline scenario. Annual energy generation increased from 3,340.42 kWh to 

17,512.55 kWh, primarily due to the expansion of the photovoltaic array. This increase significantly 

enhances the potential for economic returns through more effective surplus energy management. 

In terms of energy coverage for the selected infrastructures, the hybrid module alone now provides 

60.24% coverage, representing a 3.82 percentage point improvement over the baseline. The storage 

system contributes an additional 7% (98.36 kWh). However, despite the considerable increase in tank 

volume, the overall contribution of storage to total energy coverage remains limited. This limitation arises 

from the intrinsic characteristics of the storage technology, which requires energy-to-volume conversion, 

with each cubic meter supplying only 0.008175 kWh. Consequently, even significant expansions in 

storage capacity translate into modest increases in usable energy. 

Moreover, the performance of the overall system is constrained by consumption patterns that peak 

during nighttime hours when solar generation is unavailable. As a result, the combined coverage of the 

module and storage reaches 67.24%, slightly below the 70% target. These findings highlight the 

challenges of achieving high self-sufficiency in hybrid energy systems under strict spatial and investment 

limitations, particularly when storage technologies exhibit low energy density and temporal mismatches 

with demand. 

Table 4.2. Comparison of Scenario 1 under the optimized and non-optimized configurations. 

 Energy 
Generation 

Total 
Coverage 

Storage 
Capacity 

Storage 
Contribution 

Renewable 
Contribution 

S1 (Non-

Optimized) 
3,340.42 kWh 58.19% 10 m3 

1.77% (24.88 

kWh) 
56.42% (792.73 kWh) 

S1 (Optimized) 17,512.55 kWh 67.24% 43.36 m3 7% (98.36 kWh) 60.24% (846.02 kWh) 
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With regard to seasonal performance, the substantial increase in solar generation has introduced a 

significant paradigm shift, particularly during the winter months. Although solar irradiance during this 

period remains lower than in other seasons, the expanded photovoltaic configuration, combined with 

the increased storage capacity, now enables tank charging in situations where it was previously 

unachievable. This development has led to a transition in the system’s energy dynamics, with solar 

energy replacing wind as the dominant source. 

While this shift has resulted in moderate improvements compared to the baseline scenario, the overall 

impact on energy coverage remains limited. High daytime generation is offset by insufficient output 

during nighttime hours, when demand persists but solar availability ceases. Although the upgraded 

storage system offers improved performance, its capacity remains inadequate to sustain prolonged 

discharge cycles or ensure stable energy supply throughout the night. 

Furthermore, a comparison between solar generation and actual demand reveals substantial 

mismatches, with frequent peaks in generation that far exceed consumption needs during certain 

periods of the month. This underscores the necessity of implementing effective surplus energy 

management strategies to optimize system performance and fully capitalize on the enhanced generation 

capacity of the module. 

 

Figure 4.9. Hybrid module performance over a representative winter week, optimized configuration. 

An analysis of the module’s performance during a representative summer week reveals a pattern 

broadly consistent with that observed in winter, though characterized by higher solar generation due to 

increased irradiance. A key distinction between the two periods is the extended duration during which 

the storage tank remains at maximum capacity in summer, attributed to the longer daylight hours. While 

this allows for slightly greater coverage compared to the winter scenario, the contribution from the 

storage system remains insufficient to meet nighttime demand consistently. 

Figure 4.10 illustrates the operational profile of the hybrid module over a one-week period in August, 

incorporating the adjustments resulting from the optimization process, together with the energy exports.  
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Figure 4.10. Hybrid module performance over a representative summer week, optimized configuration. 

Finally, the economic performance of the system under both surplus management strategies 

demonstrates a marked improvement over the baseline scenario. The significant increase in excess 

energy generation substantially broadens the opportunities for monetization through energy sales, as 

well as for redirecting surplus electricity to other buildings. This enhanced flexibility contributes 

meaningfully to the overall economic viability of the system. 

Under the strategy in which surplus energy is sold to the grid, the resulting revenue rises significantly to 

1,155.20 €, representing nearly a tenfold increase compared to the baseline outcome. This is further 

complemented by a reduction in electricity expenses due to increased on-site demand coverage, 

yielding annually additional savings of 102.94 €. Combined, these gains result in a total net benefit of 

1,258.14 €, underscoring the economic advantage of the optimized configuration. 

When these values are projected over the system’s life cycle to assess economic recovery, it becomes 

evident that, although the percentage of cost recovery has significantly improved, reaching 59.79%, the 

modifications remain insufficient to achieve full economic viability under this energy strategy. The 

resulting financial shortfall amounts to -9,859.73 €, despite an improvement in the internal rate of return, 

which has increased to 2.01%. 

 

Figure 4.11. Economic evolution under the surplus energy selling strategy (optimized). 

The adoption of the second surplus management strategy, marks a significant turning point, delivering 

the first positive net outcome among all configurations examined. This approach yields an additional 

profit of 2,242.99 € per year, effectively doubling the benefits achieved through energy sales to the grid. 
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When combined with the cost savings from reduced electricity consumption, the total economic benefit 

reaches 2,345.93 €. These results underscore the superior financial viability of surplus reallocation as a 

strategy for maximizing the system’s performance and return on investment. 

When applied over the evaluation period, these results indicate that the initial investment can be fully 

recovered within 20 years, yielding a net present value of 2,816.93 € and an internal rate of return of 

8.25%. This financial trajectory is illustrated in Figure 4.12. 

 

Figure 4.12. Economic evolution under the energy redirection strategy (optimized). 

Despite the initial positive outcomes, further evaluation is required to determine whether alternative 

storage systems could yield more favourable results. Although the current configuration avoids financial 

losses, the returns remain relatively modest and may not be sufficiently attractive from an investment 

standpoint. 

4.3 Scenario 2: Single hybrid module with batteries  

4.3.1 Hybrid module operational strategy and energy management 

In this second scenario, a significant modification is introduced by fully replacing the storage system 

employed in Scenario 1. The pump-as-turbine configuration is substituted with a battery-based storage 

system, intended to supply energy during periods when generation is insufficient. Despite the change in 

storage technology, the overall structure and prioritization scheme for energy distribution remain 

consistent. Surplus energy is first directed to charge the batteries, and any additional excess is managed 

using the surplus strategies previously outlined. 

Operationally, this scenario presents a substantially simplified framework compared to Scenario 1. With 

all processes confined to the energy domain, the need for conversions between energy and volumetric 

units is eliminated. As a result, both the computational requirements and the energy management 

procedures are notably streamlined. 

As with the PAT-based model, a set of initial conditions is defined to characterize system behaviour 

during the first hour of operation. This initial state serves as the basis for subsequent time-step analyses, 

using the storage state from the preceding hour as a reference point. 
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In the context of battery integration, two key parameters must be considered: the state of charge (SoC) 

and the depth of discharge (DoD), which refers to the percentage of the battery that has been discharged 

in comparison to the overall capacity. To ensure consistency with Scenario 1, the initial SoC is set at 

50%, aligning with the initial charge level of the storage tank. However, the maximum permissible 

discharge is increased to 97%, reflecting the use of deep-discharge battery technology while maintaining 

a small buffer to prevent complete depletion. An additional critical parameter is the maximum discharge 

power allowable within a given time interval. This constraint, typically defined by the battery 

manufacturer, is directly influenced by the system’s designed storage capacity and is essential for 

preserving battery integrity and ensuring reliable performance. 

As established in Scenario 1, system operation is governed by a set of equations that model the energy 

flows and control mechanisms. While the previous model featured four distinct operational phases, the 

simplified nature of the battery-based system reduces this to three: charging, discharging, and 

monitoring the state of charge. This reduction underscores how the transition in storage technology 

leads to a more efficient and less complex energy management model. 

4.3.1.1 Battery charge 

The battery charging process follows the same fundamental logic applied to the tank in Scenario 1, with 

modifications tailored to the specific technical characteristics of battery storage systems. Charging is 

initiated when renewable energy generation exceeds the system’s demand during a given time step, 

resulting in a surplus. Once this surplus is detected, the system determines whether it can be stored, 

subject to defined lower and upper operational limits. A maximum threshold, established by the battery’s 

technical specifications, ensures that the system does not exceed its permissible storage capacity. 

This control logic is formalized in Equations (4.15) and (4.16), which adopt a structure similar to that 

used in Scenario 1. As with the PAT-based model, a clear distinction between the first time step, 𝐵𝑐ℎ𝑎𝑟𝑔𝑒,0 

(kWh), and subsequent intervals, 𝐵𝑐ℎ𝑎𝑟𝑔𝑒,𝑡 (kWh), is maintained throughout the simulation, ensuring 

continuity in the system’s dynamic behaviour. 

              𝐵𝑐ℎ𝑎𝑟𝑔𝑒,0 =

{
 

 𝐸𝑁𝐸𝑇,0                                  , 𝑖𝑓 𝐸𝑁𝐸𝑇,0 > 0 𝑎𝑛𝑑 𝐸𝑁𝐸𝑇,0 + (𝐵𝑚𝑎𝑥 ·
𝑆𝑜𝐶50%

100
) < 𝐵𝑚𝑎𝑥

𝐵𝑚𝑎𝑥 · (1 −
𝑆𝑜𝐶50%

100
) , 𝑖𝑓 𝐸𝑁𝐸𝑇,0 > 0 𝑎𝑛𝑑 𝐸𝑁𝐸𝑇,0 + (𝐵𝑚𝑎𝑥 ·

𝑆𝑜𝐶50%

100
) ≥ 𝐵𝑚𝑎𝑥

 0                                   , 𝑖𝑓 𝐸𝑁𝐸𝑇,0 < 0

         (4.15) 

 

                   𝐵𝑐ℎ𝑎𝑟𝑔𝑒,𝑡 = {

𝐸𝑁𝐸𝑇,𝑡 ,     𝑖𝑓 𝐸𝑁𝐸𝑇,𝑡 > 0 𝑎𝑛𝑑 𝑆𝑜𝐶,𝑡 + 𝐸𝑁𝐸𝑇,𝑡 ≤ 𝐵𝑚𝑎𝑥
𝐵𝑚𝑎𝑥 − 𝑆𝑜𝐶,𝑡 ,     𝑖𝑓 𝐸𝑁𝐸𝑇,𝑡 > 0 𝑎𝑛𝑑 𝑆𝑜𝐶,𝑡 + 𝐸𝑁𝐸𝑇,𝑡 > 𝐵𝑚𝑎𝑥

0,     𝑖𝑓 𝐸𝑁𝐸𝑇,𝑡 ≤ 0                            
                           (4.16) 

In these equations, 𝐵𝑚𝑎𝑥 (kW), refers to the battery maximum capacity, and 𝑆𝑜𝐶50% corresponds to the 

state of charge of the battery at 50% of the total capacity.  
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4.3.1.2 Battery discharge 

Regarding battery discharge, this process is governed by Equations (4.17) and (4.18). Just as with 

battery charging, it is essential to define clear operational limits. In this case, the maximum allowable 

discharge, previously set by the user, must be strictly controlled to ensure compliance with established 

safety requirements. 

 𝐵𝑑𝑖𝑠𝑐ℎ,0 =

{
 

 |𝐸𝑁𝐸𝑇,0|, 𝑖𝑓 𝐸𝑁𝐸𝑇,0 ≤ 0 𝑎𝑛𝑑 𝐵𝑚𝑎𝑥 · (
𝑆𝑜𝑐50%

100
) − |𝐸𝑁𝐸𝑇,0| ≥ 𝐵𝑚𝑎𝑥 · (

100−𝐷𝑜𝐷97%

100
)  𝑎𝑛𝑑 𝐸𝑁𝐸𝑇,0 ≤ 𝑃𝑚𝑎𝑥  

0, 𝑖𝑓𝐸𝑁𝐸𝑇,0 < 0 𝑎𝑛𝑑 𝐵𝑚𝑎𝑥 · (
𝑆𝑜𝑐50%

100
) − |𝐸𝑁𝐸𝑇,0| < 𝐵𝑚𝑎𝑥 · (

100−𝐷𝑜𝐷97%

100
)

               0,         𝑖𝑓 𝐸𝑁𝐸𝑇,0 > 0           

      (4.17) 

     𝐵𝑑𝑖𝑠𝑐ℎ,𝑡 =

{
 

 |𝐸𝑁𝐸𝑇,𝑡|, 𝑖𝑓 𝐸𝑁𝐸𝑇,𝑡 < 0 𝑎𝑛𝑑 𝑆𝑜𝐶𝑡−1 − |𝐸𝑁𝐸𝑇,𝑡| ≥ 𝐵𝑚𝑎𝑥 · (
100−𝐷𝑜𝐷97%

100
)  𝑎𝑛𝑑 𝐸𝑁𝐸𝑇,𝑡 ≤ 𝑃𝑚𝑎𝑥

𝑆𝑜𝐶𝑡−1 −𝐵𝑚𝑎𝑥 · (
100−𝐷𝑜𝐷97%

100
) , 𝑖𝑓 𝐸𝑁𝐸𝑇,𝑡 < 0 𝑎𝑛𝑑 𝑆𝑜𝐶𝑡−1 − |𝐸𝑁𝐸𝑇,𝑡| < 𝐵𝑚𝑎𝑥 · (

100−𝐷𝑜𝐷97%

100
)

0, 𝑖𝑓 𝐸𝑁𝐸𝑇,𝑡 ≥ 0

      (4.18) 

The formulation of Equations (4.17) and (4.18), is marked by the definition of the battery discharge at 

the initial state, 𝐵𝑑𝑖𝑠𝑐ℎ,0 (kWh), the maximum power of the battery that can be discharged in one hour, 

𝑃𝑚𝑎𝑥 (kW), the maximum depth of discharge allowable, 𝐷𝑜𝐷97%, the discharge of the battery in the 

subsequent time steps, 𝐵𝑑𝑖𝑠𝑐ℎ,𝑡 (kWh), and the state of charge from the previous time step, 𝑆𝑜𝐶𝑡−1 (kW). 

The rest of the variables have been defined before. 

4.3.1.3 State of charge management 

Accurately determining the battery state of charge is fundamental to the proper functioning of the 

system, as it directly influences subsequent charging and discharging operations. Any error in estimating 

the SoC can compromise the performance of the hybrid module, particularly if surplus energy is not 

managed as intended, resulting in system behaviour that deviates from expected outcomes. 

As illustrated in Sections 4.3.1.1 and 4.3.1.2, the definition of the battery state of charge is considerably 

more straightforward compared to the PAT configuration involving a tank-based storage system. This 

highlights one of the key simplifications achieved in the development of the management model, enabled 

solely by modifying the type of storage employed. This change not only reduces system complexity but 

also facilitates more seamless interactions between the various operational processes, as detailed in 

Equations (4.19) and (4.20). 

                                                 𝑆𝑜𝐶,0 = (𝐵𝑚𝑎𝑥 ·
𝑆𝑜𝐶50%

100
) + 𝐵𝑐ℎ𝑎𝑟𝑔𝑒,0 − 𝐵𝑑𝑖𝑐ℎ,0                                     (4.19) 

                                                        𝑆𝑜𝐶,𝑡 = 𝑆𝑜𝐶,𝑡−1 + 𝐵𝑐ℎ𝑎𝑟𝑔𝑒,𝑡 − 𝐵𝑑𝑖𝑠𝑐ℎ,𝑡                                          (4.20) 

𝑆𝑜𝐶,0 (kW), corresponds to the state of charge at the initial time step and the 𝑆𝑜𝐶,𝑡 (kW), refers to the 

state of charge in the following time steps.  
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4.3.2 Optimization process 

The optimization process for this scenario, in terms of system dynamics, closely parallels the approach 

previously applied in the PAT system configuration. The same optimization tool, Solver, will be used, 

with the primary objective remaining the identification of the system configuration that yields the highest 

economic return in year 25. 

As in the earlier scenario, the energy multipliers of each technology involved, and the storage system 

capacity will serve as the key decision variables. These parameters will be adjusted to determine the 

optimal setup for maximizing economic performance. The main difference in this case is the absence of 

the reversible pump-turbine unit, which was a variable in the PAT-based system but is not present in 

the current configuration and thus excluded from the optimization process. 

With respect to system constraints, only a minor adjustment is introduced: the analysis no longer focuses 

on determining the optimal storage volume (in m3) required to achieve the desired energy coverage. 

Instead, the constraint is redefined to establish a minimum required battery capacity, expressed in terms 

of power. 

4.3.3 Scenario 2: Results and discussion 

Following the detailed analysis of the management model's operation with battery-based storage, along 

with the optimization process and the parameters defined to maximize the performance of the hybrid 

system, this section presents the results for both the baseline and the optimized configurations. As in 

the previous scenario, this allows for a clear and consistent comparison between system performances. 

4.3.3.1 Baseline results with batteries.  

To rigorously evaluate the self-sufficiency of the hybrid module, it is crucial to analyse its performance 

under baseline design conditions. This involves resetting both the generation components and the 

storage system to their original specifications, specifically, using energy multipliers of 1 and a storage 

capacity of 1 kW. 

Implementing this system configuration reveals an immediate and significant improvement over the PAT 

approach. By avoiding the substantial inefficiencies associated with mechanical conversion and 

enabling direct energy storage, without the need for transformation into volumetric form, the system 

achieves notable gains in both efficiency and scalability. It allows for significantly higher energy density, 

requiring less physical space and offering a much more cost-effective solution, reducing at the same 

time the number of components needed to implement this new storage solution. 

Talking about the energy results, the coverage provided exclusively by the generation units remains 

consistent with Scenario 1 at 56.42%, as the only variable altered in this case is the storage technology. 

The most notable improvement appears in the contribution of the storage system. While the PAT-based 

configuration in the baseline scenario offered only a marginal increase of 1.77%, the battery-based 

system raises this contribution significantly to 16.77%, equivalent to 235.72 kWh. This enhancement 
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enables the hybrid module to surpass the target of covering at least 70% of the selected demand, 

achieving a total coverage of 73.19%, without requiring any additional system optimization. Table 4.3 

summarizes the energy mix and compares the performance between Scenario 1 and Scenario 2. 

Table 4.3. Energy mix comparison between Scenario 1 and Scenario 2 

Energy Mix PAT Configuration  Energy Mix Battery Configuration 

Generation Units 792.79 kWh (56.42%) Generation Units 792.79 kWh (56.42%) 

PAT System 24.88 kWh (1.77%) Battery System 235.72 kWh (16.77%) 

Grid 587.57 kWh (41.81%) Grid 376.73 kWh (26.81%) 

 

Building on the previous analysis, a significant reduction in grid energy imports stands out as a direct 

result of the improved storage system performance. Under the current configuration, only 376.73 kWh 

are needed to fully meet the demand, while the system delivers coverage for 6,478 hours annually. This 

substantial increase in operational autonomy highlights the efficiency gains achieved through the 

integration of the new storage solution. Figure 4.13 presents a comparative analysis of grid imports 

between the baseline configuration in Scenario 1 and the setup in Scenario 2. 

 

Figure 4.13. Imports comparison between S1 and S2 before optimization. 

From an operational and performance standpoint, particularly when examining seasonal variability, 

noticeable though modest differences can be observed following the integration of the new storage 

technology. During a representative winter week, the system still experiences extended periods of 

insufficient storage capacity, with state-of-charge levels remaining near minimum for much of the week. 

This limitation is primarily attributable to the reduced generation potential caused by unfavourable 

weather conditions typical of the season. Out of the 192 hours comprising the analysed week, the 

system with the new storage configuration successfully covered 75 hours under baseline conditions, 

compared to only 58 hours covered by the PAT-based system. This represents an improvement of 

8.85% over the previous scenario. 

A key difference introduced by the battery-based system is its higher storage capacity compared to the 

previous tank solution. As a result, charging and discharging processes are no longer as immediate or 

abrupt; instead, they occur more gradually and are better regulated. This behaviour is advantageous, 

as it allows the system to cover demand over a greater number of hours. Figure 4.14 illustrates this 



 

59 

improved performance, showing the system’s typical behaviour during winter, including the battery’s 

state-of-charge profile. 

 

Figure 4.14. Hybrid module performance over a representative winter week (baseline S2). 

During the summer period, the energy profile demonstrates a marked improvement in hourly coverage, 

driven by more favourable weather conditions and the resulting increase in renewable energy 

generation. This profile more clearly highlights the improved discharge behaviour of the battery system, 

which delivers a smoother and more stable energy supply compared to the previous PAT-based 

configuration. Despite this improvement, the battery system still does not fully satisfy nighttime demand. 

Over the course of the 192-hour week analysed, the implementation of the new storage solution has 

extended energy coverage by 29 additional hours, from 103 hours with the PAT system to 132 hours 

using the battery configuration. 

While these results are derived from a non-optimized energy management strategy, they already 

indicate a substantial performance enhancement. The weekly operational dynamics of each component 

within the hybrid system, including generation, storage, and consumption, are depicted in Figure 4.15, 

offering a comprehensive view of system behaviour under the revised setup, together with the 

corresponding exports of the month. 

 

Figure 4.15. Hybrid module performance over a representative summer week (baseline S2). 
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After analysing the most significant results regarding energy management and system performance with 

the new storage solution, attention now turns to evaluating whether the investment is financially 

justifiable, not only through enhanced energy coverage but also through the optimized use of surplus 

energy. 

Before analysing the results in detail, it is important to note that the selected storage technology benefits 

from ongoing cost reductions driven by continuous innovation. The system is also simpler, incorporating 

fewer components than the previous configuration. This streamlining has reduced the total cost of the 

hybrid module from 11,922.24 € to 8,680 €, improving the potential for a positive return on investment. 

Enhanced energy coverage and higher self-consumption have substantially decreased the cost of 

electricity purchased from the grid, from 153.16 € to 41.06 €, generating about 15% additional savings 

compared to the PAT-based scenario. 

However, despite these improvements and the availability of 2,312.45 kWh for grid export under the first 

surplus management strategy, this surplus remains insufficient to recover the initial investment. The 

resulting revenue of 161.87 €, combined with 112.10 € in grid cost savings, yields an annual economic 

gain of 273.97 €. 

Although this scenario demonstrates better energy performance, the economic improvement remains 

modest, with a net difference of less than 10 € compared to the PAT configuration. By the end of the 

analysis period, the system still shows a deficit of -5,487.24 €, indicating no return on investment. 

Implementing the second surplus management strategy delivers more favourable outcomes. The 

additional annual profit increases to 314.58 €, resulting in a total annual benefit of 426.68 €, after 

accounting for grid electricity costs. Over a 25-year period, discounted to present value, this 

performance enables partial recovery of the initial investment. Nevertheless, a deficit of -3,707.69 € 

remains, with an internal rate of return of 1.65%. 

While full cost recovery is not yet achieved, the significantly smaller deficit compared to the previous 

configuration highlights strong potential for improvement. With further optimization, the system could 

reach profitability and deliver returns attractive to investors. 

4.3.3.2 Optimized results with batteries 

After establishing the baseline results, the next step is to analyse the system's behaviour following the 

application of the optimization algorithm, and to examine the key outcomes derived from this process. 

The first step is to define the configuration of the hybrid module after recalibrating the energy multipliers 

for each generation source, while simultaneously determining the optimal storage capacity required to 

meet the specified performance targets. Given the strong baseline results, particularly in terms of 

demand coverage, the optimization process will focus on enhancing the system's autonomy. The new 

objective is for the hybrid module to supply at least 85% of the total energy demand independently, with 

minimal reliance on the grid. This shift is aimed at maximizing emissions reductions. To achieve this, 

the system must deliver a minimum of 65% of the demand through renewable generation, with the 
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remaining 20% met via energy storage.  

Taking the current constraints into consideration, a maximum investment of 25,000 € and a maximum 

usable area of 100 m², the configuration identified as the most effective, while fully respecting all 

limitations, involves applying an energy multiplier of 21 to the photovoltaic system and of 2 to both the 

wind and hydrokinetic sections. This setup results in a hybrid module consisting of 42 solar panels, 6 

wind turbines, and 4 hydrokinetic turbines. The battery storage capacity has also been revised to 

1.28 kW to ensure adequate energy availability. With this configuration, the total cost of the system 

amounts to 24,712.10 € and the total occupied area is 98.89 m², remaining within both the budgetary 

and spatial constraints. 

Before evaluating the economic viability of the proposed solution, it is essential to first analyse its energy 

performance. The updated design of the hybrid module allows renewable sources alone to cover 69.75% 

of the total energy demand, equivalent to 980.18 kWh. This already exceeds the total coverage achieved 

in Scenario 1, even when storage was included. By adding the battery system’s contribution of 

281.66 kWh, total coverage rises to 89.90%, leaving just 143.33 kWh to be supplied by the grid. As a 

result, grid dependency is reduced to a minimal level. 

In this case, analysing system performance over two representative weeks, consistent with the 

methodology used so far, reveals significantly different behaviour compared to previous configurations. 

During the typical winter week, for the first time, there are no extended periods of unmet demand or 

prolonged intervals with the storage system at minimum capacity. Of the 192 hours evaluated, the 

system is able to meet demand for 154 hours, highlighting its enhanced ability to ensure energy supply 

under winter conditions. This improvement is largely due to the fact that the increase in generation 

capacity was not limited to the photovoltaic array but also included a modest expansion of wind and 

hydrokinetic units. This broader distribution of generation sources has strengthened nighttime supply, 

reducing the strain on the storage system and improving overall system resilience. 

 

Figure 4.16. Hybrid module performance over a representative winter week (Optimized S2). 

In the summer period, the system contends with a more variable and cyclical demand profile, marked 

by significantly higher consumption during nighttime hours. As a result, it was not entirely possible to 

prevent the storage system from reaching its minimum capacity during certain intervals. However, the 
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enhancements introduced have effectively smoothed the battery’s discharge profile, limiting both the 

duration and frequency of periods when storage alone cannot meet demand. As illustrated in Figure 

4.17, surplus energy, primarily from the solar array, frequently exceeds the energy requirements needed 

for full coverage throughout much of the period. To maximize the economic performance of the system, 

these surpluses should be strategically managed and potentially redirected for complementary uses or 

grid interaction. 

 

Figure 4.17. Hybrid module performance over a representative summer week (Optimized S2). 

After assessing the system’s energy performance improvements through optimization, it is necessary to 

determine whether these translate into financial benefits. The increased generation capacity resulted in 

a total surplus of 20,379.02 kWh, which could generate an additional annual income of 1,426.53 € if 

sold to the grid. Combined with electricity bill savings of 137.54 €, the total annual financial benefit 

amounts to 1,564.07 €. 

However, financial projections at year 25 indicate that the initial investment would not be recovered, with 

a remaining deficit of -6,485.05 €, as represented in Figure 4.18. These results show that, under current 

conditions, grid export is not economically viable. Across all evaluated scenarios, this strategy fails to 

yield a return on investment. Consequently, future analyses will focus on alternative surplus 

management strategies, such as reallocating excess energy to nearby buildings, which have 

demonstrated and are expected to provide significantly more favourable outcomes. 

 

Figure 4.18. Economic evolution under the surplus energy selling strategy S2 (Optimized). 
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After confirming that the first surplus management strategy remains ineffective in recovering the initial 

investment, the alternative approach, redirecting surplus energy, as demonstrated with the application 

of the PAT system, yields significantly more favorable financial outcomes. Maintaining annual electricity 

bill savings of 137.54 € and generating an additional 2,771 € per year through energy redirection, the 

total annual benefit rises to 2,908.54 €, nearly double that of the grid export strategy. 

When projected over the full lifecycle of the hybrid module, this scenario results in a net present value 

of approximately 9,182.79 €, with a payback period achieved in year 14 and an internal rate of return of 

10.88%. These results assume maximum coverage conditions. Notably, if more flexible energy 

coverage targets were applied, such as 60% from the hybrid module and 15% from storage, the 

economic performance improves further, with an estimated NPV of 13,545.91 € and a shortened 

payback period of 11 years. The main reason why reducing the energy coverage requirement leads to 

improved results lies in the decreased need for storage capacity. With lower storage requirements, the 

15% coverage target can be achieved with a smaller capacity. Consequently, the storage system 

reaches full charge more quickly, allowing a greater share of energy to be exported to other buildings 

with higher tariffs. At the same time, the reduced coverage target enables a decrease in module costs, 

further enhancing the system’s overall economic performance.  

Figure 4.19 illustrates the economic performance of the new solution, highlighting their greater potential 

to attract investment and enhance long-term profitability. 

 

Figure 4.19. Economic evolution under the energy redirection strategy S2 (Optimized).
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Chapter 5 

Parallel Module Deployment – 

Case Study 

5 Parallel Module Deployment – Case Study 

 

In this second case study, the impact of configuring hybrid modules in a parallel arrangement on both 

energy performance and economic outcomes is analysed. To this end, two additional scenarios are 

evaluated, both involving three hybrid modules but differing in their interconnection and storage 

configuration. The first scenario features a centralized storage system, where all modules are connected 

to a single shared storage unit. In contrast, the second scenario adopts a decentralized approach, with 

each module operating independently and equipped with its own dedicated storage system.
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5.1 Overview  

In the previous chapter, a detailed analysis was carried out on the system’s performance and operation 

when only a single module was available. This evaluation offered valuable insights into the most efficient 

operating modes across different scenarios, laying the groundwork for a more focused analysis involving 

the parallel deployment of multiple modules. 

To improve the clarity and streamline the current simulation process, results related to the surplus 

management strategy, specifically, the sale of excess energy to the grid, have been intentionally omitted. 

The earlier case study revealed significant and growing differences in performance between energy 

redirection and grid export as surplus energy increases. While these findings are not elaborated upon 

here, they can be found in the Appendix A for further reference. 

For the parallel module configuration, only results involving the most promising energy storage 

technology, either the PAT system or batteries, are presented. Parallel configuration aims to assess 

whether a shared storage system offers greater benefits compared to individual storage tailored to each 

module’s demand. Since three optimal demand profiles were previously identified for the hybrid module, 

three modules were arranged in parallel, each corresponding to one of these profiles. 

5.2 Scenario 3: Parallel management with shared storage 

system 

5.2.1 Hybrid modules operational strategy and parallel energy 

management 

The implementation of parallel configurations constitutes a key advancement in this study, enabling a 

comprehensive evaluation of module performance under coordinated operation. In this arrangement, 

each module is assigned a unique demand profile, while surplus energy is redirected to a centralized 

storage system rather than individual storage units. This design strategy aims to maximise resource 

sharing and inter-module support, thereby enhancing overall system operational synergy. 

While the internal logic of the model remains based on the equations established in the initial two 

scenarios, several dynamic modifications have been introduced. In this configuration, surplus energy 

generated by any module is consistently directed to support the central storage system rather than being 

immediately allocated to other modules in need. The central storage then supplies the necessary energy 

to units unable to meet their assigned demand. This operational approach minimizes deep discharges 

observed in previous scenarios and prioritizes maintaining support from the generating units to the 

storage system whenever feasible. 

It is important to highlight that this operational approach is advantageous only if the storage system does 

not introduce significant conversion losses that would reduce overall efficiency. Consequently, batteries 
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represent the most viable option, as the PAT system, with an efficiency of approximately 60%, would 

incur substantial energy losses when continuously prioritizing storage. Figure 5.1 illustrates the flow 

diagram detailing the operation and interactions among the system’s primary components. 

 

Figure 5.1. Flow diagram of parallel module distribution with centralized storage unit. 

As previously noted, the fundamental equations governing the system remain largely unchanged; 

however, minor adjustments have been introduced in the battery loading process. The mentioned 

modifications are demonstrated in the Equations (5.1) to (5.3):  

   𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠,𝑡 = {
𝐸𝑁𝑒𝑡(𝑀1),𝑡 , 𝑖𝑓 𝐸𝑁𝑒𝑡(𝑀1),𝑡 > 0

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
+ {
𝐸𝑁𝑒𝑡(𝑀2),𝑡 , 𝐸𝑁𝑒𝑡(𝑀2),𝑡 > 0

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
+ {
𝐸𝑁𝑒𝑡,(𝑀3),𝑡 , 𝐸𝑁𝑒𝑡(𝑀3),𝑡 > 0

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
      (5.1) 

𝐵𝑐ℎ𝑎𝑟𝑔𝑒,0 =

{
 

 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠,0,                                       𝑖𝑓 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠,0 > 0 𝑎𝑛𝑑 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 + 𝐵𝑚𝑎𝑥 · (
𝑆𝑜𝐶50%

100
) ≤ 𝐵𝑚𝑎𝑥

0,                                       𝑖𝑓 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠,0 ≤ 0

𝐵𝑚𝑎𝑥 − 𝐵𝑚𝑎𝑥 · (
𝑆𝑜𝐶50%

100
) ,           𝑖𝑓 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠,0 > 0 𝑎𝑛𝑑 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠 + 𝐵𝑚𝑎𝑥 · (

𝑆𝑜𝐶50%

100
) ≥ 𝐵𝑚𝑎𝑥

     (5.2) 

                                        𝐵𝑐ℎ𝑎𝑟𝑔𝑒,𝑡 = {

𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠,𝑡 ,     𝑖𝑓 𝑆𝑜𝐶,𝑡 + 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠,𝑡 ≤ 𝐵𝑚𝑎𝑥
𝐵𝑚𝑎𝑥 − 𝑆𝑜𝐶,𝑡 ,     𝑖𝑓 𝑆𝑜𝐶,𝑡 + 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠,𝑡 ≥ 𝐵𝑚𝑎𝑥
                  0,     𝑖𝑓  𝑆𝑜𝐶,𝑡 = 𝐵𝑚𝑎𝑥                  

                             (5.3) 

Where 𝐸𝑁𝑒𝑡(𝑀1),𝑡, 𝐸𝑁𝑒𝑡(𝑀2),𝑡 and 𝐸𝑁𝑒𝑡(𝑀3),𝑡 (kWh), corresponds to the net energy balance for module 1, 2 

and 3 respectively, at a specific time step, and 𝐸𝑠𝑢𝑟𝑝𝑙𝑢𝑠,𝑡 (kWh), references to the toal combined energy 

surplus in the parallel management configuration. The rest of the variables have been previously 

defined.  

As presented in Equation (5.1), the system initially evaluates the energy balance across the three 

modules, identifying and aggregating any surplus energy. When a positive balance is detected, the 

system assesses the storage unit’s available capacity to absorb this surplus. If sufficient capacity exists, 

the excess energy is promptly stored in the batteries, without considering potential deficits in other 
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modules. Once the storage system reaches its maximum capacity, any remaining surplus is designated 

as final surplus and managed according to the predefined strategy, namely, redirecting the energy to 

other port infrastructures at preferential rates, as previously outlined. Aside from this adjustment, the 

system’s operational logic remains unchanged, with a distinction made between the initial hour, Equation 

(5.2), and the subsequent time periods, Equation (5.3). 

5.2.2 Optimization process 

As with the single-module operation, it is essential to implement an optimization process to identify the 

configuration that yields the best overall performance. In the case of three modules, both cost and land 

use constraints have been reassessed, since the spatial and budgetary limits defined in earlier scenarios 

are insufficient to maximize overall benefits. This is primarily due to the minimal additional space and 

limited financial margin available under the previous conditions, which restrict the installation of 

additional energy-generating units and consequently limit surplus generation. 

The space allocation strategy prioritizes treating each module individually, recognizing that spatial 

requirements vary according to specific demand levels. For example, Vieja Rula’s energy demand 

substantially exceeds that of Embarcadero, thereby justifying a larger portion of the available area to 

support a greater number of generating units and ensure optimal demand fulfillment. Consequently, a 

total area of 200 m² has been designated for the parallel installation of the three modules, providing 

ample flexibility to evaluate multiple configurations and identify the most profitable solution. The specific 

allocations are as follows: Module 1 is assigned 120 m², Module 2, 20 m², and Module 3, 60 m². 

In terms of budget, the capital investment has been revised upward to accommodate the financial 

requirements of deploying three modules. This expanded configuration necessitates a greater number 

of high-cost components, such as wind turbines, hydrokinetic turbines, and containers, which represent 

a significantly larger investment compared to other scenarios. Consequently, a higher initial expenditure 

is unavoidable. Rather than applying a simple proportional increase based on the budget of the 

standalone hybrid module, the new financial cap considers the potential for greater efficiency through 

shared operation. The maximum allowable investment has been set at 50,000 €, a figure that also aligns 

with the spatial limitations of the installation area. To integrate cost, space, and performance into the 

optimization process, a new metric will be introduced: the benefit generated per square metre. This 

indicator serves as a valuable benchmark for assessing the spatial efficiency of different configurations 

and identifying the arrangement that delivers the highest return relative to available surface area. 

Another key aspect of energy management in this configuration is that, due to the use of a shared 

storage system, energy coverage will continue to be evaluated collectively, treating all modules as a 

unified operational block. However, this collective assessment approach will be phased out in future 

scenarios, particularly those involving dedicated storage systems tailored to each module’s individual 

characteristics. In the current setup, what is differentiated is the application of module-specific energy 

multipliers, introduced to accommodate the spatial constraints previously defined. This allows for a more 

granular and efficient allocation of generating units, ensuring each module adheres to its space 

limitations while maximizing overall performance. 
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To provide a clearer understanding of how these variables and constraints are integrated into the revised 

optimization algorithm, Figure 5.2 presents a schematic overview of the optimization variables. 

 

 

Figure 5.2. Optimization variables and constraints to evaluate the best parallel configuration. 

5.2.3 Scenario 3: Results and discussion 

Following the introduction of the scenario's specific characteristics and the adjustments made to both 

the system configuration and the optimisation process, the resulting performance of the modules under 

these defined conditions is now presented.  

It is important to highlight that, in this analysis, no comparisons will be drawn against the baseline 

configuration in which all energy multipliers were set to one. This is due to the inherent expectation that 

such a configuration would deliver suboptimal results under the current constraints. Instead, all 

comparisons will reference Scenario 2, which has previously demonstrated the highest overall return 

and therefore serves as the benchmark for evaluation. 

Prior to examining the simulation results, it is essential to detail the final configuration of each module 

following the optimisation process, including their respective annual energy generation figures and the 

overall system output. Module 1, allocated the largest surface area, accommodates the highest number 

of generation units: 64 solar panels, 3 wind turbines, and 2 hydrokinetic turbines. Module 2, associated 

with the lowest energy demand, retains its original setup as defined in the initial parameters. Module 3 

comprises 26 solar panels, 3 wind turbines, and 2 hydrokinetic turbines, aligning with its intermediate 

demand profile and available space.  

The resulting annual energy generation for Modules 1, 2, and 3 is estimated at 27,747.97 kWh, 3,340.43 

kWh, and 12,788.51 kWh, respectively, contributing to a total system generation of 43,876.91 kWh per 

year. To support system reliability and meet demand consistently, the optimal storage capacity 

determined through the optimisation process is 1 kW. 

A summary of the spatial allocation, energy generation, and demand assignment for each module under 

the current configuration is provided in Table 5.1. 
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Table 5.1. Designation of the available area, generation and demand to the hybrid modules. 

Module Area (m2) Generation (kWh) Demand (kWh) 

1 120 27,747.97 1,226.96 

2 20 3,340.43 6.54 

3 60 12,788.51 171.66 

TOTAL 200 43,876.91 1,405.17 

Based on this analysis, the annual energy performance of the modules is presented. With the current 

demand profiles and installed infrastructure, the system achieved a coverage rate of 90.91%, 

representing a 1.11% improvement over Scenario 2, which already exhibited strong performance. 

Achieving 100% demand coverage was not the goal, as it would likely reduce economic efficiency by 

requiring larger storage capacity and higher investment costs. The current configuration limits grid 

imports to 127.76 kWh, significantly reducing external dependence. 

Regarding time-based coverage, the system supplied energy during 7,921 hours (90.42%) of the year, 

confirming the reliability of the configuration. Additionally, a total surplus of 42,599.97 kWh was 

produced. A comparison with Scenario 2 shows that a 109.01% increase in surplus energy results in 

only a 1.11% coverage gain, indicating that Scenario 2 was already near the theoretical coverage limit. 

Thus, the higher installed capacity yields marginal coverage benefits but increases total energy 

production. Figure 5.3 compares both the coverage levels and the capacity to generate surpluses across 

all previously analysed scenarios, illustrating that higher generation capacity does not necessarily result 

in increased coverage. Detailed hourly profiles of generation, demand, and storage behaviour are 

provided in Appendix A. 

 

Figure 5.3. Energy performance comparison across scenarios. 

Although coverage gains are limited, the increased energy generation and surplus may help shorten the 

payback period and enhance the project’s long-term financial performance. The final investment cost of 

the optimized hybrid system is 48,060 €. 

With the final cost of the hybrid module established, the analysis proceeds to the two main financial 

revenue streams: the reduction in electricity expenses and the income generated from surplus energy 

redirection. Starting with the cost savings, the original annual electricity bill of 153.16 € is reduced to 
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13.93 €, resulting in savings of 139.23 €. In addition, the redirection of surplus energy yields an annual 

revenue of 5,791.71 €. Together, these two streams produce a total annual financial benefit of 5,930.94 

€. It is important to note that this annual profit must be discounted at a 7% rate of return to reflect its 

present value over time. 

Considering all the factors discussed, the key financial indicators reveal a notably positive outlook, 

despite the substantial upfront investment required at the beginning of the evaluation period. The net 

present value at year 25 stands at 21,056.74 €, an increase of 11,873.95 € compared to Scenario 2, 

demonstrating the strong long-term financial performance of the optimized configuration. 

It is important to note, however, that while the NPV reflects the total monetary gain after recovering the 

initial investment, it does not fully capture the efficiency of capital use. For this purpose, the internal rate 

of return offers a more accurate metric, as it indicates the return generated per euro invested. In this 

case, the IRR reaches 11.54%, exceeding the 10.88% achieved in Scenario 2. This reinforces the 

conclusion that the proposed configuration presents more attractive financial conditions, confirming its 

suitability as the more advantageous investment option; however, the relatively small differences 

between the scenarios leave room for further discussion regarding the final investment decision. 

In addition to these two parameters, several supplementary metrics are used to evaluate the economic 

performance of the scenario, including the payback period and a newly introduced indicator: euros 

generated per square meter, which reflects the economic efficiency relative to the used area. In this 

scenario, the initial investment is recovered in just 13 years, one year earlier than in Scenario 2. 

Furthermore, it achieves an efficiency of 353.82 €/m², surpassing the 342.74 €/m² obtained in Scenario 

2. To conclude the financial analysis, Figure 5.4 illustrates the economic evolution over the 25-year 

assessment period, confirming the scenario’s financial viability and full investment recovery by year 13. 

 

Figure 5.4. Economic evolution under a parallel shared storage configuration. 
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5.3 Scenario 4: Parallel management under individual storage 

systems  

5.3.1 Hybrid modules operational strategy and parallel energy 

management  

In the final scenario, a decentralized storage configuration is evaluated to assess whether assigning one 

storage unit per module, rather than relying on a centralized system, it can improve overall system 

performance and better align with the specific demand profiles of each module. In this setup, storage 

capacity is treated as an independent variable and included in the optimization process to determine the 

actual capacity required for each module individually. 

A key characteristic of this configuration is the minimal interaction between modules. Each storage unit 

is designed to satisfy the respective module's demand constraints autonomously, significantly reducing 

the need for energy transfer between modules. As in previous scenarios, the available space remains a 

critical constraint, heavily influencing the choice of storage technology. 

The pump-as-turbine system, while technically viable, presents substantial spatial limitations due to the 

need for auxiliary components, particularly a storage tank, which occupies considerable space. This 

makes the PAT system less compatible with the modular design constraints. In contrast, battery storage 

offers a more compact and space-efficient solution. Its smaller dimensions enables integration within 

the container itself, thereby preserving space for additional generation units. 

Given these factors, the battery system has been selected as the most suitable technology for this 

scenario. Nonetheless, for the sake of comparison, the same configuration has also been modelled 

using the PAT system. Key performance indicators for both configurations are presented in the Appendix 

A. 

Regarding the internal logic that governs the operation of this strategy, the differences between Scenario 

4 and Scenario 2 are minimal. In both cases, the primary objective is to use the generated energy to 

meet the assigned demand as much as possible. Any surplus energy is then directed to the storage 

system to provide support during periods of insufficient generation. The storage system of each module 

is designed exclusively to meet its own energy demand and cannot be used to support other modules. 

Allowing one module to supply energy to another could jeopardize its ability to cover its future 

consumption, potentially leading to system inefficiencies or imbalances, in the way how is configured. 

The main distinction lies in the allocation of demand: whereas Scenario 2 concentrated all three demand 

profiles in a single module, the current scenario distributes them across three separate modules. 

However, the same set of operational equations is applied independently to each module. Due to this 

new configuration and the relatively low energy demand of some of the selected infrastructures, a 

significant energy surplus is expected across all modules. As a result, the subsequent redistribution of 

this excess energy becomes a critical aspect of the system's overall performance.  
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For clarity, Figure 5.5 presents a flow diagram illustrating the operational logic of this strategy. 

 

Figure 5.5. Flow diagram of parallel module distribution with individual storage systems. 

5.3.2 Optimization process 

As with the operation, the optimization process also follows a similar methodology to that used in 

Scenario 2. However, the key distinction lies in the increased complexity of the system configuration. In 

the case of the parallel setup, additional variables are introduced to accurately reflect the individual 

performance of each module. This expanded formulation ensures that the optimization maximizes the 

results obtention, ultimately leading to a more precise and efficient solution 

Consistent with Scenario 3, energy multipliers are applied to each of the three modules based on their 

individual characteristics and operational constraints. To ensure a fair comparison with other scenarios 

that utilize a parallel management configuration, the total area used in Scenario 3 is adopted as an 

uniform constraint. This area is distributed according to the specific demand profiles level assigned to 

each module: 120 m² for Module 1, 20 m² for Module 2, and 60 m² for Module 3, resulting in a total 

allocated area of 200 m². 

One of the most notable differences compared to Scenario 3 is the introduction of a maximum budget 

of 25,000 € per module, reflecting the greater level of operational independence among the modules in 

this configuration. This contrasts with the previous scenario, where a single, centralized budget was 

allocated to the entire system. The objective of this approach is to evaluate whether setting individual 

budget caps imposes any significant limitations when compared to a flexible budget distribution under a 

global maximum investment. 

Finally, another key distinction lies in the need to optimize the individual storage capacities of the 

modules. This adds two additional variables to the optimization process, enabling a more tailored and 

efficient solution that aligns with the specific demand patterns of each module. The optimization is 

conducted in accordance with the minimum hybrid and storage coverage ratios defined for each module, 

ensuring that the system is both responsive and well-adapted to the operational requirements. 
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5.3.3 Scenario 4: Results and discussion 

With both the operational and optimization processes defined, the results for this scenario are now 

presented and compared with those from other scenarios, particularly Scenario 3, which also features 

a parallel configuration. 

Before analyzing the final energy outcomes, it is essential to outline the final system configuration for 

each module, including the optimal storage capacities assigned to their respective energy storage 

systems. Module 1, which has the largest available area, also hosts the highest number of generation 

units: 60 solar panels, 3 wind turbines, and 2 hydrokinetic turbines. For Modules 2 and 3, the number 

and type of generation units are identical to those used in Scenario 3. 

Regarding storage requirements, the optimized storage capacities are 0.72 kW, 0.01 kW, and 0.07 kW 

for Modules 1, 2, and 3, respectively. As observed, the storage needs for Modules 2 and 3 are negligible, 

so minimal that they are practically unnecessary and fall below commercially available battery sizes. 

Nonetheless, for the purpose of consistency and completeness in this analysis, the results are presented 

assuming these storage capacities are implemented. 

Starting with the key energy results, it is essential to first define the energy coverage provided by the 

different modules, taking into account the minimum energy constraints that need to be met. For clarity 

and simplicity, all results are summarized in Table 5.2. 

Table 5.2. Individual storage and module contribution to the demand coverage. 

 Minimum 
Hybrid Module 

Coverage 

Minimum 
Storage 

Coverage 

Hybrid Module 
Energy 

Coverage 

Storage 
Energy 

Coverage  

Energy 
Imports 
(kWh/%) 

Module 1 60% 15% 745.33 kWh / 
60.75% 

184.88 kWh / 
15.07% 

296.75 kWh / 
24.19% 

Module 2 80% 15% 5.33 kWh / 
81.45% 

0.98 kWh / 
15.00% 

0.23 kWh / 
3.55% 

Module 3 80% 10% 149.07 kWh / 
86.84% 

17.17 kWh / 
10.00% 

5.42 kWh / 
3.15% 

The combined energy coverage of the three modules, relative to the total demand of 1,405.17 kWh, 

amounts to only approximately 78.48%. When compared to Scenario 3, this reflects a decrease in 

coverage of 12.43%. This reduction indicates that the low demand observed in modules 2 and 3, along 

with limited interaction between them, significantly reduces the overall system efficiency compared to 

Scenarios 2 and 3. As a result, energy imports increase to 302.40 kWh in this scenario, which has a 

direct and adverse effect on the final return on investment. 

Regarding the definition of energy surplus, a reduction compared to Scenario 3 has been observed. 

This decrease is a direct consequence of the optimization strategy applied. As previously mentioned, 

instead of allocating a general budget across all three modules, individual maximum budgets have been 

set for each module. As a result, even though the overall system requires a lower total investment than 

in Scenario 3, the budget cap for Module 1 was reached. This constraint prevented the installation of 

the same number, or more, solar panels as in Scenario 3. Consequently, four fewer solar panels were 
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installed in Module 1, leading to a reduction in surplus energy of 1,400.17 kWh. 

Despite having significantly higher energy generation capacity and consequently, a much larger surplus, 

compared to Scenario 2, the overall energy performance of the system could not be improved. This 

outcome highlights the critical importance of effective interaction between generation, demand, and 

storage. It also reinforces the notion that oversizing the generation system does not necessarily lead to 

better energy coverage. 

There is a threshold beyond which additional generation, whether from PV panels, wind turbines, or 

hydrokinetic turbines, contributes primarily to surplus energy. This is particularly relevant given that all 

generation sources considered are intermittent, producing energy within limited time windows. For 

instance, increasing solar capacity will only improve coverage if the demand is concentrated during 

daylight hours. In cases like the selected demand profiles, where demand does not align with solar 

generation peaks, the storage system quickly reaches its maximum capacity, and any additional energy 

produced is simply used as surplus, without enhancing coverage. For all these reasons, this operating 

model has proven suboptimal from an energy standpoint, with significantly more effective and attractive 

alternatives available for implementation. 

Following the assessment of all energy-related modifications, it is essential to examine their economic 

impact. A key consideration is the final investment required for the installation of the parallel hybrid 

module system. In this configuration, the use of fewer generating units, particularly in Module 1, has 

reduced the initial investment from 48,060.00 € in Scenario 3 to 46,730.93 € in Scenario 4. Despite this 

reduction, the cost remains significantly higher than those estimated for Scenarios 1 and 2. 

Moreover, the lower energy coverage achieved, as previously noted, limits the potential for offsetting 

electricity import costs. In this scenario, the maximum achievable reduction amounts to 120.20 €, less 

favorable than the savings observed in Scenarios 2 and 3. However, the difference is relatively minor, 

approximately 20 €, and is unlikely to materially influence the overall economic outcome. 

In terms of surplus energy redirection, this configuration has made 41,199.80 kWh available for 

allocation to other buildings, generating additional annual revenue of 5,599.02 €. As observed in all 

other scenarios, the return on investment is primarily driven by surplus utilization, largely due to the 

absence of intermediate consumption profiles better aligned with current generation levels. 

These two economic streams have led to strong financial performance, with a full payback achieved in 

13 years and a NPV of 19,918.45 €. Although the payback period matches Scenario 3, the lower volume 

of surplus energy results in a slightly reduced NPV, still clearly positive. The IRR is 11.42%, marginally 

lower than in Scenario 3 and only slightly higher than in Scenario 2. 

The economic efficiency per unit area is also comparable to Scenario 3, at 352.26 €/m². Overall, while 

this configuration may not be the most energy-efficient, it offers a solid economic return, confirming its 

viability. The financial evolution over the 25-year lifespan of the hybrid modules is illustrated in Figure 

5.6, together with a comparison of the economic efficiency with the rest of scenarios.  
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Figure 5.6. Economic evolution under a parallel individual storage configuration.  
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Chapter 6 

Conclusions and Future Work 

6  Conclusions and Future Work 

This chapter represents the conclusion of the thesis, presenting the key findings derived from the case 

studies and analysed scenarios. Additionally, it outlines proposals for future work aimed at further 

improving the current concept and exploring its potential applications across a variety of different 

contexts. 
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6.1 Conclusions 

Following the implementation of the energy management model on the designed hybrid module and the 

evaluation of the previously analysed scenarios, a set of conclusions and key observations have been 

drawn, which are presented in detail as follows. 

I. The objectives set at the beginning of the project have been fully achieved, with the results 

demonstrating a strong positive impact, not only by confirming the hybrid module’s ability to 

effectively meet most of the assigned demand profiles, but also by significantly improving 

generation forecasts compared to the preliminary design. Through the methodology adopted 

and the use of more advanced techniques for estimating energy output, overall energy 

production has been increased by 253%. This result is particularly significant, as it confirms that 

relying solely on predefined generation ratios to estimate the output of a renewable technology 

is unreliable, mainly due to the inherent intermittency of weather-dependent sources. Therefore, 

it is essential not only to use robust and comprehensive datasets, but also to analyse the 

underlying patterns, whether solar irradiance, wind speed, or marine currents, to accurately 

estimate not just how much energy can be produced, but also when it will be available and to 

what extent it can be matched to demand. 
 
 

II. Given that the hybrid system is designed to operate on a small scale, selecting demand profiles 

that align well with the module’s generation capacity becomes critically important, particularly 

for optimizing the use and sizing of storage systems. In the current case study, identifying 

suitable demand profiles proved challenging, as only three fell within the generation range of 

the hybrid system. Furthermore, these profiles were characterized by energy consumption 

concentrated predominantly during nighttime hours, placing even greater emphasis on the role 

and impact of energy storage technologies. 
 

III. In order to ensure maximum stability and coverage of the selected demand profiles, the 

application of two different storage systems has been analyzed: initially, the PAT system, as the 

original technology proposed in the preliminary design, and subsequently, the use of batteries 

as an alternative solution. The evaluation of both technologies has revealed that, under current 

conditions, the PAT system proves to be less advantageous. Due to its lower energy density 

and reduced efficiency compared to batteries, it underperforms in both economic return and 

demand coverage. When comparing Scenario 1 (PAT), which includes a 300 W PAT system 

with a storage tank of 43.36 m3 with Scenario 2 (batteries) containing a total of 1.28 kW installed, 

the coverage of demand profiles was 67.71% and 89.90% respectively, clearly highlighting the 

superior performance of battery storage technology. 
 

An additional drawback of the PAT system is its spatial requirement. While batteries can be 

integrated directly within the container, occupying no additional external space, the PAT system 

requires components such as a storage tank, which, depending on its size, can take up 

considerable space. Given that the system’s effectiveness heavily relies on surplus energy 
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availability, every additional square meter becomes increasingly valuable in enhancing 

investment returns, further supporting the conclusion that batteries are the optimal technology 

for the designed hybrid module. 
 

IV. When the assessment is limited to scenarios utilizing batteries as the sole storage technology, 

identified as the optimal option, all configurations yield favorable results from both economic 

and energy performance perspectives. In every case, the coverage ratio exceeds 78% of the 

total demand, and the NPV surpasses 9,000 €. An interesting consideration that arises is 

whether, under the current consumption profiles, deploying multiple modules in parallel or 

consolidating the entire demand within a single module offers a more advantageous outcome. 
 

In terms of energy performance, both Scenario 2 (single module) and Scenario 3 (parallel 

shared storage) demonstrate similar coverage levels, each reaching approximately 90%. In 

contrast, Scenario 4 (parallel individual storage) exhibits a notable decline, with coverage 

dropping to 78.48%. As previously discussed, the limited interconnection in Scenario 4 restricts 

the capacity of modules with surplus energy to offset deficits in others, thereby reducing overall 

system performance. 

 

From an economic perspective, Scenario 4 presents stronger financial performance than 

Scenario 2, achieving an IRR of 11.42% and an NPV of 19,918.45 €, compared to an IRR of 

10.88% and an NPV of 9,182.79 € for Scenario 2. However, the substantially higher initial 

investment (46,730.93 € in Scenario 4 versus 24,712.10 € in Scenario 2) and the increased 

spatial requirements of an additional 90.31 m², stemming from the need to install three 

independent modules, one for each demand profile, render Scenario 2 the more practical and 

cost-effective alternative overall. 
 

As previously noted, the model is highly sensitive to the management of energy surpluses, 

which represent the primary mechanism for recovering the initial investment. The additional 

space allocated in Scenarios 3 and 4 (three modules operating in parallel), 200 m² compared to 

100 m² in Scenario 2 (single module), is therefore not primarily aimed at increasing demand 

coverage, but at generating larger surpluses to enhance investment recovery. This underscores 

the superior resource efficiency of Scenario 2 under the current demand profiles. Despite 

producing smaller surpluses, Scenario 2 achieves an IRR of 10.88%, nearly matching those of 

Scenarios 3 and 4 (11.54% and 11.42%, respectively), with a payback period of 14 years, 

virtually equivalent to the 13 years observed in Scenarios 3 and 4. 
 

Additionally, it is important to note that the economic results obtained in Scenario 2 still present 

room for improvement. If slightly higher returns are desired, one possible approach would be to 

reduce the demand coverage target and deliver a greater share of energy as surplus. When 

applying this operational strategy, it is found that, even with a higher demand coverage than in 

Scenario 4, reaching 80.45% of total demand, it is possible to achieve a payback period of only 

11 years, a NPV of 13,419.64 €, and an IRR of 12.97%, thereby surpassing all previously 

presented economic outcomes. 
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Based on all the findings, it becomes clear that when dealing with low-demand profiles, 

consolidating them under a single module is a far more viable approach. This configuration 

naturally promotes interaction between the demand profiles, resulting in near-complete 

coverage. At the same time, it maximizes space efficiency and requires only half the capital 

investment compared to Scenarios 3 and 4. Moreover, it achieves economic viability with 

significantly lower surplus levels, further reinforcing its suitability for implementation. 
 

V. Another important aspect considered in the study is that selling surplus energy back to the grid 

is not recommended across all proposed scenarios. Recovering the initial investment through 

this strategy would require an excessively high volume of surplus energy, primarily due to the 

low selling price. Therefore, unless there is a significant increase in the feed-in tariff, redirecting 

the surplus to other infrastructures proves to be a much more beneficial approach. This is 

especially true given that the electricity prices under tariff 3.0TD are considerably higher than 

the current selling rates to the grid. 

 

VI. Last but not least, it is also essential to underscore the development process of the hybrid 

model, which served as the foundation for all the results presented. The choice of MS Excel-

Solver as the primary development platform proved to be highly beneficial. Its widespread global 

use enhances the model's accessibility, enabling not only experts but also non-specialist users 

to engage with HOPS through an intuitive and user-friendly interface. 
 

One of the key advantages of using Excel lies in its clear and structured optimization 

environment, which has significantly facilitated the identification and resolution of potential 

issues within the optimization process, something that can be more complex when using code-

based tools. Furthermore, the integration of Macros within Excel allowed for the creation of 

interactive dashboards that improve the clarity and interpretability of results across different 

scenarios. This capability has been instrumental in identifying anomalies and swiftly correcting 

inconsistencies during the model's development, thereby reinforcing the effectiveness and 

practicality of this modelling tool. 
 

Despite offering numerous advantages, MS Excel model also presents a set of limitations that 

have impacted the development of the energy management model. One of the main challenges 

lies in data handling, particularly when managing large volumes of information. While MS 

Excel’s visual structure can be helpful, the software struggles with performance when multiple 

interconnected sheets are involved. This becomes especially evident when working with 

dashboards and other interactive elements, as MS Excel is not inherently designed to process 

such high data loads efficiently. 
 

Moreover, although optimization may be more straightforward than with code-based 

environments, the implementation of priority equations that govern the behaviour of each 

scenario can become considerably more cumbersome. Since these formulas often require 

interaction across multiple sheets, they must be implemented with great care, as errors can be 

introduced easily. When complex conditional statements are used to define the behaviour of a 
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specific cell, they can become so extensive that, in the event of a malfunction, identifying the 

specific variable causing the issue becomes particularly difficult. Therefore, careful review and 

validation of logic structures is essential throughout the model development process. 

6.2 Future work 

The study conducted has laid the foundation for the application of optimization methods and energy 

management strategies to the designed hybrid module, yielding a highly positive impact and generating 

valuable insights and results for its implementation in the Port of Avilés. Nevertheless, further work 

remains to be done to refine the model and assess whether the extrapolation of HOPS to other locations, 

where the hybrid module could be implemented, would deliver similarly positive outcomes. 

Firstly, for future studies, it is important to identify infrastructures with demand profiles more closely 

aligned with the base generation capacity of the hybrid module prior to optimization. This would allow 

for a more accurate assessment of the module’s baseline impact in a more favourable operational 

environment. When multiple modules are deployed in parallel, it would be interesting to evaluate their 

performance under slightly higher demand conditions than those tested. The main purpose of 

incorporating additional generation capacity is to accommodate greater demand; however, this could 

not be assessed in the present study, as the remaining demand profiles were too high relative to the 

generation capacity of each module. 

Secondly, with the rapid development of energy storage technologies, it becomes essential to evaluate 

how the integration of new storage systems could influence the performance of the hybrid module. An 

interesting approach would be to use the hybrid system as a testing platform for emerging technologies, 

particularly given its clear illustration of how energy storage density affects demand profiles coverage, 

especially in scenarios where consumption is predominantly concentrated during nighttime hours. 

Regarding the optimization model, the logical next step would be to transition it into a more professional 

environment that offers greater flexibility. Currently, the model operates with a maximum of three 

simultaneous demand profiles and supports up to three modules in a parallel configuration. Therefore, 

it would be highly valuable to develop a dedicated professional software solution, beyond the current 

MS Excel Solver based framework, which could enable commercialization and facilitate the application 

of hybrid modules across a wider range of use cases and contexts. 

Finally, as part of future research, it would be worthwhile to explore the deployment of hybrid modules 

in alternative scenarios, such as remote areas with limited access to the electrical grid. This would allow 

underserved communities to benefit from clean energy, particularly in disadvantaged regions of the 

world with scarce resources. 
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Appendix A 

Extended Energy Profiles and 

Results  

Appendix A: Extended Energy Profiles and 

Results  

This first section of the appendix presents the energy profiles and key results for the full study period, 

to facilitate a quick and straightforward comparison between the different scenarios. In addition to the 

four main scenarios analysed throughout the thesis, two additional cases are included. These represent 

the outcomes for a parallel configuration using PAT technology, considering both shared and individual 

storage systems. 
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A.1 Extended energy profiles and results of the hybrid system 

under single module PAT deployment (S1) 

 

Figure A.1. Single module with PAT energy profiles across the complete study timeline. 

Table A.1. Single hybrid module with PAT (design and composition). 

SINGLE HYBRID MODULE WITH PAT SYSTEM 

DEMAND 

Number Name Demand 

1 Vieja Rula 1,226.96 kWh 

2 Luz Roja 6.55 kWh 

3 Embarcadero 171,66 kWh 

TOTAL DEMAND: 1,405.17 kWh 

FINAL COMPOSITION OF THE MODULE 

Technology Energy multiplier (Number of units) Power Installed 

PV Panels 19 (38 PV Panels) 15.39 kW 

Wind Turbines 1 (3 Wind Turbines) 2.40 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 

PAT 1 (1 PAT System) 0.3 kW 

FINAL TANK DESIGN 

Tank Capacity 43.36 m3 

Tank Area 10.46 m2 

TOTAL AREA 

Final Area 94.70 m2 
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Table A.2. Single hybrid module with PAT (energy and financial performance). 

OPERATIONAL PERFORMANCE 

Energy performance Time performance 

Hybrid module coverage 846.02 kWh 60.21% 
Time Coverage 6146 hours 

PAT system coverage  98.35 kWh 7.00% 

Deficit 460.81 kWh 32.79% Time Deficit 2614 hours 

Total 1,405.17 kWh 100.00% Total 8760 hours 

FINANCIAL PERFORMANCE 

Selling Energy Redirecting Energy 

Energy Surplus 16,502.88 kWh Energy Surplus 16,502.88 kWh 

Module cost 24,521.54 € Module cost 24,521.54 € 

Cost reduction 102.94 € Cost reduction 102.94 € 

Selling profits 1,155.20 € Selling profits 2,242.99 € 

Rate of return 7% Rate of return 7% 

Selling price 0,07 €/kWh Selling price 3.0 TD 

NPV -9,859.73 € NPV 2,816.93 € 

IRR 2.01% IRR 8.25% 

Payback #N/D Payback 20 

€/kWh Ratio 0.036 € €/kWh Ratio 0.066 € 

€/m2 Ratio 154.825 € €/m2 Ratio 288.687 € 

 

A.2 Extended energy profiles and results of the hybrid system 

under single module battery deployment (S2)  

 

Figure A.2. Single module with battery energy profiles across the complete study timeline. 
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Table A.3. Single hybrid module with battery (design and composition). 

SINGLE HYBRID MODULE WITH BATTERY SYSTEM 

DEMAND 

Number Name Demand 

1 Vieja Rula 1,226.96 kWh 

2 Luz Roja 6.55 kWh 

3 Embarcadero 171,66 kWh 

TOTAL DEMAND: 1,405.17 kWh 

FINAL COMPOSITION OF THE MODULE 

Technology Energy multiplier Power Installed 

PV Panels 21 (42 PV Panels) 17.01 kW 

Wind Turbines 2 (6 Wind Turbines) 4.80 kW 

Hydrokinetic Turb. 2 (4 Hydrokinetic Turbines) 0.150 kW 

FINAL BATTERY DESIGN 

Battery Capacity 1.28 kW 

Battery Area 0 m2 

TOTAL AREA 

Final Area 98.89 m2 

 

Table A.4. Single hybrid module with battery (energy and financial performance). 

OPERATIONAL PERFORMANCE 

Energy performance Time performance 

Hybrid module coverage 980.18 kWh 69.75% 
Time Coverage 7713 hours 

Battery system coverage 281.67 kWh 20.04% 

Deficit 143.33 kWh 10.20% Time Deficit 1047 hours 

Total 1,405.17 kWh 100.00% Total 8760 hours 

FINANCIAL PERFORMANCE 

Selling Energy Redirecting Energy 

Energy Surplus 20,379.02 kWh Energy Surplus 20,379.02 kWh 

Module cost 24,712.10 € Module cost 24,712.10 € 

Cost reduction 137.54 € Cost reduction 137.54 € 

Selling profits 1,426.53 € Selling profits 2,771.00 € 

Rate of return 7% Rate of return 7% 

Selling price 0.07 €/kWh Selling price 3.0 TD 

NPV -6,485.05 € NPV 9,182.79 € 

IRR 3.89% IRR 10.88% 

Payback #N/D Payback 14 

€/kWh Ratio 0.036 € €/kWh Ratio 0.067 € 

€/m2 Ratio 184.311 € €/m2 Ratio 342.74 € 
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A.3 Extended energy profiles and results of the hybrid system 

under parallel configuration (S3.1) 

 

Figure A.3. Parallel configuration (shared PAT) profiles across the complete study timeline. 

 

Table A.5. Parallel configuration with shared PAT (design and composition). 

PARALLEL MANAGEMENT SHARED PAT UNIT 

DEMAND 

Number Name Demand 

1 Vieja Rula 1,226.96 kWh 

2 Luz Roja 6.55 kWh 

3 Embarcadero 171,66 kWh 

TOTAL DEMAND: 1,405.17 kWh 

FINAL COMPOSITION OF THE MODULES 

MODULE 1 

Technology Energy multiplier (Number of units) Power Installed 

PV Panels 10 (20 PV Panels) 8.10 kW 

Wind Turbines 1 (3 Wind Turbines) 2.40 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 

MODULE 2 

PV Panels 10 (PV Panels) 8.10 kW 

Wind Turbines 1 (3 Wind Turbines) 2.40 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 
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MODULE 3 

PV Panels 10 (20 PV Panels) 8.10 kW 

Wind Turbines 1 (3 Wind Turbines) 2.40 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 

FINAL TANK DESIGN 

Tank Capacity 46.55 m3 

Tank Area 11.24 m2 

PAT  0.3 kW 

TOTAL AREA 

Final Area 157.97 m2 

 

Table A.6. Parallel configuration with shared PAT (energy and financial performance). 

OPERATIONAL PERFORMANCE 

Energy performance Time performance 

Hybrid module coverage 889.65 kWh 63.31% 
Time Coverage 6672 hours 

PAT system coverage  211.00 kWh 15.02% 

Deficit 304.53 kWh 21.67% Time Deficit 2088 hours 

Total 1,405.17 kWh 100.00% Total 8760 hours 

FINANCIAL PERFORMANCE 

Selling Energy Redirecting Energy 

Energy Surplus 30,038.45 kWh Energy Surplus 30,038.45 kWh 

Module cost 44,802.93 € Module cost 44,802.93 € 

Cost reduction 119.97 € Cost reduction 119.97 € 

Selling profits 2,102.69 € Selling profits 4,084.76 € 

Rate of return 7% Rate of return 7% 

Selling price 0.07 €/kWh Selling price 3.0 TD 

NPV -18,900.96 € NPV 4,197.29 € 

IRR 1.73% IRR 8.02% 

Payback #N/D Payback 21 

€/kWh Ratio 0.034 € €/kWh Ratio 0.065 € 

€/m2 Ratio 163.966 € €/m2 Ratio 310.183 € 

 

 

 

 

´ 
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A.4 Extended energy profiles and results of the hybrid system 

under parallel configuration (S3.2) 

 

Figure A.4. Parallel configuration (shared battery) profiles across the complete study timeline. 

 

Table A.7. Parallel configuration with shared battery (design and composition). 

PARALLEL MANAGEMENT SHARED BATTERY UNIT 

DEMAND 

Number Name Demand 

1 Vieja Rula 1,226.96 kWh 

2 Luz Roja 6.55 kWh 

3 Embarcadero 171,66 kWh 

TOTAL DEMAND: 1,405.17 kWh 

FINAL COMPOSITION OF THE MODULES 

MODULE 1 

Technology Energy multiplier (Number of units) Power Installed 

PV Panels 32 (64 PV Panels) 25.92 kW 

Wind Turbines 1 (3 Wind Turbines) 2.40 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 

   

MODULE 2 

PV Panels 1 (2 PV Panels) 0.81 kW 

Wind Turbines 1 (3 Wind Turbines) 2.40 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 
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MODULE 3 

PV Panels 13 (26 PV Panels) 10.53 kW 

Wind Turbines 1 (3 Wind Turbines) 2.40 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turb) 0.075 KW 

FINAL BATTERY DESIGN 

Battery Capacity 1 kW 

Battery Area 0 (Included in the container) m2 

TOTAL AREA 

Final Area 195.34 m2 

 

Table A.8. Parallel configuration with shared battery (energy and financial performance). 

OPERATIONAL PERFORMANCE 

Energy performance Time performance 

Hybrid module coverage 900.17 kWh 64.06% 
Time Coverage 7921 hours 

Battery system coverage 377.24 kWh 26.84% 

Deficit 127.76 kWh 9.09% Time Deficit 839 hours 

Total 1,405.17 kWh 100.00% Total 8760 hours 

FINANCIAL PERFORMANCE 

Selling Energy Redirecting Energy 

Energy Surplus 
42,599.97 kWh 

Energy Surplus 
42,599.97 

€/kWh 

Module cost 48,060.00 € Module cost 48,060.00 € 

Cost reduction 139.24 € Cost reduction 139.24 € 

Selling profits 2,982.00 € Selling profits 5,791.71 € 

Rate of return 7% Rate of return 7% 

Selling price 0.07 €/kWh Selling price 3.0 TD 

NPV -11,686.42 € NPV 21,056.74 € 

IRR 4.14% IRR 11.54% 

Payback #N/D Payback 13 

€/kWh Ratio 0.034 € €/kWh Ratio 0.065 € 

€/m2 Ratio 186.204 € €/m2 Ratio 353.823 € 
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A.5 Extended energy profiles and results of the hybrid system 

under parallel configuration (S4.1) 

 

Figure A.5. Parallel configuration (individual PAT Mod. 1) profiles across the complete study timeline. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.6. Parallel configuration (individual PAT Mod. 2) profiles across the complete study timeline. 
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Figure A.7. Parallel configuration (individual PAT Mod. 3) profiles across the complete study timeline. 

 

Table A.9. Parallel configuration with individual PAT units (design and composition). 

PARALLEL MANAGEMENT INDIVIDUAL PAT UNITS 

DEMAND 

Number Name Demand 

1 Vieja Rula 1,226.96 kWh 

2 Luz Roja 6.55 kWh 

3 Embarcadero 171,66 kWh 

TOTAL DEMAND: 1,405.17 kWh 

FINAL COMPOSITION OF THE MODULES 

MODULE 1 (With 0.3 kW PAT system) 

Technology Energy multiplier (Number of units) Power Installed 

PV Panels 11 (22 PV Panels) 8.91 kW 

Wind Turbines 1 (3 Wind Turbines) 2.40 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 

 

MODULE 2 (With 0.1 kW PAT system) 

PV Panels 15 (30 PV Panels) 12.15 kW 

Wind Turbines 1 (3 Wind Turbines) 2.4 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 

MODULE 3 (With 0.1 kW PAT system) 

PV Panels 15 (30 PV Panels) 12.15 kW 

Wind Turbines 1 (3 Wind Turbines) 2.40 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 
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FINAL TANK DESIGN 

MODULE 1 

Tank Capacity 57.37 m3 

Tank Area 13.85 m2 

MODULE 2 

Tank Capacity 1.40 m3 

Tank Area 0.34 m2 

MODULE 3 

Tank Capacity 8.59 m3 

Tank Area 2.07 m2 

TOTAL AREA 

Final Area 198.76 m2 

Table A.10. Parallel configuration with individual PAT units (energy and financial performance). 

GENERAL OPERATIONAL PERFORMANCE 

MODULE 1 

Energy performance Time performance 

Hybrid module coverage 736.12 kWh 60.00% 
Time Coverage 6413 hours 

PAT system coverage 122.63 kWh 9.99% 

Deficit 368.21 kWh 30.01% Time Deficit 2347 hours 

Total 1,226.96 kWh 100.00% Total 8760 hours 

MODULE 2 

Hybrid module coverage 5.49 kWh 83.88% 
Time Coverage 8726 hours 

PAT system coverage 0.98 kWh 15.00% 

Deficit 0.07 kWh 1.12% Time Deficit 34 hours 

Total 6.55 kWh 100.00% Total 8760 hours 

MODULE 3 

Hybrid module coverage 149.10 kWh 86.86% 
Time Coverage 8478 hours 

PAT system coverage 17.17 kWh 10.00% 

Deficit 5.39 kWh 3.14% Time Deficit 282 hours 

Total 171.66 kWh 100.00% Total 8760 hours 

FINANCIAL PERFORMANCE 

Selling Energy Redirecting Energy 

Energy Surplus 38,815.25 kWh Energy Surplus 38,815.25 kWh 

Module cost 59,869.08 € Module cost 59,869.08 € 

Cost reduction 112.43 € Cost reduction 112.43 € 

Selling profits 2,717.07 € Selling profits 5,275.03 € 

Rate of return 7% Rate of return 7% 

Selling price 0.07 €/kWh Selling price 3.0 TD 

NPV -26,895.25 € NPV 2,914.18 € 

IRR 1.33% IRR 7.54% 

Payback #N/D Payback 23 

€/kWh Ratio 0.034 € €/kWh Ratio 0.065 € 

€/m2 Ratio 160.256 € €/m2 Ratio 305.133 € 
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A.6 Extended energy profiles and results of the hybrid system 

under parallel configuration (S4.2) 

 

Figure A.8. Parallel configuration (individual bat. Mod. 1) profiles across the complete study timeline. 

 

Figure A.9. Parallel configuration (individual bat. Mod. 2) profiles across the complete study timeline. 
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Figure A.10. Parallel configuration (individual bat. Mod. 3) profiles across the complete study timeline. 

Table A.11. Parallel configuration with individual battery units (design and composition). 

PARALLEL MANAGEMENT INDIVIDUAL BATTERY UNITS 

DEMAND 

Number Name Demand 

1 Vieja Rula 1,226.96 kWh 

2 Luz Roja 6.55 kWh 

3 Embarcadero 171,66 kWh 

TOTAL DEMAND: 1,405.17 kWh 

FINAL COMPOSITION OF THE MODULES 

MODULE 1 

Technology Energy multiplier (Number of units) Power Installed 

PV Panels 30 (60 PV Panels) 24.30 kW 

Wind Turbines 1 (3 Wind Turbines)  2.4 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 

   

MODULE 2 

PV Panels 1 (2 PV Panels) 0.81 kW 

Wind Turbines 1 (3 Wind Turbines)  2.4 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 

MODULE 3 

PV Panels 13 (26 PV Panels) 5.27 KW 

Wind Turbines 1 (3 Wind Turbines) 2.4 kW 

Hydrokinetic Turb. 1 (2 Hydrokinetic Turbines) 0.075 KW 
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FINAL BATTERY DESIGN 

MODULE 1 

Battery Capacity 0.72 kW 

Battery Area 0 (Included in the container) m2 

MODULE 2 

Battery Capacity 0.01 kW 

Battery Area 0 (Included in the container) m2 

MODULE 3 

Battery Capacity 0.07 kW 

Battery Area 0 (Included in the container) m2 

TOTAL AREA 

Final Area 189.20 m2 

Table A.12. Parallel configuration with individual battery units (energy and financial performance). 

GENERAL OPERATIONAL PERFORMANCE 

MODULE 1 

Energy performance Time performance 

Hybrid module coverage 745,33 kWh 60,75% 
Time Coverage 6828 hours 

Battery system coverage 184,88 kWh 15,07% 

Deficit 296,7518074 24,19% Time Deficit 1932 hours 

Total 1226,96 kWh 100,00% Total 8760 hours 

MODULE 2 

Hybrid module coverage 5,33 kWh 81,45% 
Time Coverage 8724 hours 

Battery system coverage 0,98 kWh 15,00% 

Deficit 0,23 kWh 3,55% Time Deficit 36 hours 

Total 6,55 kWh 100,00% Total 8760 hours 

MODULE 3 

Hybrid module coverage 149,07 kWh 86,84% 
Time Coverage 8474 hours 

Battery system coverage 17,17 kWh 10,00% 

Deficit 5,42 kWh 3,15% Time Deficit 286 hours 

Total 171,66 kWh 100,00% Total 8760 hours 

FINANCIAL PERFORMANCE 

Selling Energy Redirecting Energy 

Energy Surplus 41,199.80 kWh Energy Surplus 41,199.80 kWh 

Module cost 46,730.93 € Module cost 46,730.93 € 

Cost reduction 120.20 € Cost reduction 120.20 € 

Selling profits 2,883.99 € Selling profits 5,599.02 € 

Rate of return 7% Rate of return 7% 

Selling price 0.07 €/kWh Selling price 3.0 TD 

NPV -11,721.38 € NPV 19,918.45 € 

IRR 4.04% IRR 11.42% 

Payback #N/D Payback 13 

€/kWh Ratio 0.034 € €/kWh Ratio 0.065 € 

€/m2 Ratio 185.03 € €/m2 Ratio 352.26 € 
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Appendix B 

Datasheets 

Appendix B: Datasheets 

 

This section of the appendix includes the datasheets of the main commercial components considered 

in the project, such as solar panels, inverters, and the selected wind turbines. It is intended to serve as 

a reference for the key specifications of these components, supporting a better understanding of the 

methodology section. 
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Figure B.1. Solar panel datasheet.
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Figure B.2. Inverter datasheet. 
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Figure B.3. Wind turbine datasheet. 
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Appendix C 

Site pictures  

Appendix C: Site pictures 

 

This appendix presents images of the hybrid module installation at the Port of Avilés, carried out during 

the current year. 
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Figure C.1. Installation of the hybrid module at the Port of Avilés (1). 

   

Figure C.2. Installation of the hybrid module at the Port of Avilés (2).
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